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INTRODUCTION 

I Under a project sponsored by the Office of Coal Research, Bitminous Coal 
Research, Inc., (BCR) has been developing a two-stage super-pressure process 
f o r  coal gasif icat ion.( l )  
sure rocking autoclave, then w a s  transferred t o  a 5 lb/hr externally-heated 

internally-fired process and equipment development uni t .  

The development work began with a smaLl high-pres- 
I 

1 continuous flcw reactor (l), and now i s  being scaled up t o  a 100 lb/hr 

Fixed gases plus some l i g h t  hydrocarbons comprise the principal. products 
of in te res t  f r o m  t h i s  coal gasification process. Their composition varies 
with the experimental conditions and upon the kind and amount of iner t  gas 
used. 
accurate determination of the product gas composition i s  a prerequisite.  
analytical  methods employed have t o  be not only accurate but also rapid and 

\ For rigorous interpretation of resul ts  of the gasification experiments, 
The 

I simple t o  meet t h e  desired time schedule. 
I 

A t  the outset ,  a search of the technical l i t e r a t u r e  for suitable methods 
revealed several. procedures using gas -cd id  or/and gas-liquid chromatography 
which might be suitable.(2,3,4) Unfortunately, they were found t o  be ei ther  
too complicated and time consuming, or  did not determine all the  desired com- 
ponents. This paper describes the  three gas chromatographic methods and two 
sampling devices which have been developed f o r  the analysis of the various 
product gases obtained on the  coal gasification program. 

A.  Methods for  Batch Autoclave Tests 

In the batch autoclave experiments, srw2.1 quantit ies of a coal slurry 
were injected in to  a preheated autoclave that  was p a r t i a l l y  pressurized with 
nitrogen. A t  the end of the reaction period, the product gas w a s  exhausted 
at atmaspheric pressure and yoom temperature t o  an a l l -glass  gas holder using 
additional nitrogen as a p g e  gas. (1) 

The nature of  t h i s  product gas was tinoroughlf studied by both gas-:.miid 
It was found t o  be composed of H, (major), and gas-1iquidVhromatography. 

CO, (major), C& (major), co (minor), C,H, (minor LO t race) ,  C~H, (trace t o  0) ,  
C3H, (trace t o  0 ) ,  and H,S ( t race) .  
autoclave before and s f t c r  gasification, it vas a l s o  present i n  the product. i n  
varying quantit ies.  

Because nitrogen was used t o  purge the 



2 : 

Based on the composition of the product gas, a G.C. method, using an 

The trace quantity of %S was detennined separately by conventional 
11.5-ft  s i l i c a  ge l  colwm, w a s  developed t o  determine eL1 components except 
HpS. 
iodometric t i t r a t ion .  

1. samp le CoUection: For the  batch autoclave tes t s ,  gas samples were 
taken from the  gas holder at n o m  pressure and collected in  500 m l  glass tubes 
using 15 percent in saturated %So, aolution as the confining liquid. -- --- - - -  ~- ----- 

2. Analytical Method: After being conditioned by removal of 4 s  by 
absorption in CdCl, and of %O by adsorption on Drier i te ,  the gas sample 
(0.5 m l )  is injected i n t o  an 11.5-ft s i l i c a  ge l  c o l m  operated a t  50 C, 
with 50 ml/min of helium ca r r i e r  gas. 
eff luent  as detected by a thennoconductivity c e l l  are  automatically recorded. 
From the resul tant  chromatogram, the amounts of the individual components a re  
calculated.(5) A chromatogram of a synthetic mixture produced on such a col- 
umn I s  shown in Figure 1. 

Changes i n  composition of the column 

\ 
' The analysis of a single sample required about 35 minutes, including the 

Six samples o r  m r e  can be analyzed i n  duplicate conditioning of the  sample. 
during a normal working day. 

3. Discussion of Resul- : The composition of a number of gaseous 
products collected at room temperature from the  autoclave experiments, 88 de- 
t e d n e d  by this G.C. method i s  listed i n  T a b l e  l together with similar data 
by Orsat method fo r  comparison. The resu l t s  obtained with the two methods 
for C h ,  Cab, and are not i n  agreement. By the  Oreat method, Con, OS, 
t o t a l  olef ins ,  and CO were  detennined by absorption; H, and C& by slaw com- 

and CQ values by this Orsat method were accurate only when the sample con- 
tsined no other saturated hydrocarbons. 
present,  they w e r e  combusted and estimated together with C&, making the  
observed values fo r  C h  high and those for H, law. 
amount of Cah was p n e e n t  as i n  these samples, the CH, and H, values were 
not as accurate as those deteracLned by the  G.C. method. 

I 

I 
bustion and absorption; and, l W t l y , N a  was determined by difference. The 4 

I 

If Ca€& or any other saturates were 

Thus, when a significant 

Precision of the  G.C. method using the U.5-ft s i l i c a  ge l  colum i n  an 
F k M Model 720 gas chramatograph was detennlued by repl icate  analyses of a 
mixture containing 15 percent fs, 1.0 percent COY 20 percent COS, 35 percent 
C%, 2 percent C&, and 0.5 percent CaI& (balance helium). 
the  absolute standard deviations were estimated as 0.420 (H,), 0.042 (CO), 
0.232 (COS), 0.230 (m), 0.234 (CaH,), and 0.030 ((23%)- 
d; therefore, the precision of the G;C. method i s  high. 

B. Methods f o r  5 lb /hr  Continuous Flow Reactor (CFR) T e s t s  

In the 5 lb/hr continuous reactor, coal i s  gasif ied under conditions 
simulating those t h a t  prevai l  in Stage 2 of the two-stage super-pressure gasi- 
f i e r .  In  these'experiments, coal entrained i n  a simulated Stage 1 gas (COY 
H,, COa, q0) i s  partially gasif ied by passage through an externally-heated 
metal reactor a t  elevated pressures. (1) 

From six analyses, 

These deviations are 
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To enable calculation of material balances, argon gas w a s  added t o  the 
simulated Stage 1 gas as an internal  reference and thus consti tuted a major 
Component of the product gas. 
were %, CO, C02,  CH,, and sometimes N, from the purge gas. Minor t o  t race  
components were C 2 H , ,  C,&, and H,S. 
mined by the conventional iodometric t i t r a t i o n ,  as i n  the analysis of the  
autoclave products. A s  the  11.5-ft s i l i c a  ge l  column does not resolve mix- 
tu res  of A, N,, and 0,, the presence of argon precluded the procedure for 
batch autoclave samples from being applied t o  samples from the 5 lb/hr flow 
reactor tes t s .  New procedures, therefore,  were developed. 

Other major components of the  dry product gas 

The t race amounts of G S  were deter- 

1. Sampling System: A t  the sampling point of the  f l o w  reactor,  the 
product gas was already quenched with water and reduced i n  pressure from 
about lo00 p s i  down t o  10 to 40 inches of water. 

I 

The sampling method for the 5 lb/hr reactor vas essent ia l ly  the same as 
f o r  the autoclave, except tha t  several g lass  sampling bulbs were connected i n  
p a r a l l e l  t o  a common manifold i n  such a way t h a t  several samples could be col- 
lected a t  two minute intervals  during each t e s t .  
sa t isfactory at t h i s  pressire  range. 

This system w a s  found very 

2 .  Analytical Methods: Under n o d  operating conditions, there w a s  
no 0, i n  the product gas from the 5 lb/hr CFR t e s t s .  
becomes admixed with the sample and an accurate method for determining 0, as 
well as A w a s  required. A molecular sieve column separates A and N, a t  room 
temperature, but not A and 0,. To  solve this problem, a method using a d i f -  
fe ren t ia l  technique was developed for the determination of these two 

The overall  
G . C .  method as f i n a l l y  developed fo r  analysis of the product gas involved 
two columns: a 3-ft  s i i i c a  ge l  column and a 6 - f t  molecular sieve 5 A  column. 
On the  s i l i c a  g e l  column, CO,, &I&, and C,& were measured, and on the 
molecular sieve, using t h e  d i f fe ren t ia l  technique, H,, A ,  O,, N,, C G ,  and CO. 

However, a t  times air 

b components using only the  6-ft molecular sieve 5 A  column.(6) 

However later,  significant loss of CO, t o  the confining l iqu id  i n  the  
sampling system was observed whenever the CO, concentration i n  the sample was 
higher than 20 percent; this w a s  found t o  occur even when the confining 
i iquid was 15 percent H,SO, saturated w i t h  N+SO,. 
samples containing 25 percent CO,, the observed value w a s  only 2?-23 percent, 
and for those having 35 percent CO,, the observed value was 31-32 percent. 
To avoid this error ,  CO, w a s  determined separately by the Orsat apparatus be- 
fore gas chromatography on dual columns i n  an F & M Model 700-231 gas 
chromatograph. ( 5  ) 

It was found tha t  f o r  

a. Determination of CO,: Pr ior  to gas chromatography, a separate 
d a i y s i c  of CO, i s  made by conventionai Orsat procedures. 

Immediately a f t e r  sampling, the sampling tube contains gas a t  a pres- 
sure s l igh t ly  higher than 1 atmosphere with less than 5 ml confining l iquid 
saturated w i t h  CO, from the sample l e f t  inside.  
sample are  released fo r  CO, determination without admitting additional confin- 
ing i iau id  i n t o  the tube. 
t rue concentration i n  the sample. 

The first portions of the 

The observed 20, result SO obtained represents the 
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b. Preconditioning of sample f o r  gas ChromatograpQ: Prior t o  gas 
chromatography, the sample is  preconditioned by passage through a CdC1, 
absorbent to remove €I& and then through a Drier i te  tube t o  remove %0.(5) 

The sample i s  not processed t o  remove CO, prior t o  being measured for  
chromatography as a CO, absorption unit (Indicarb cartridge) may be connected 
t o  the system between the  inlet valve and the column as  desired. 

c .  Determination of C,H, and C&: A portion (0.5 ml) of the pre- 
conditioned dry, &$-free gas sample i s  andyzed for C,H, and C,)G using the 
3-fi s i l i c a  ge l  column operated at 50 C with 50 ml/min helium car r ie r  gas and 
with automatic recording of changes i n  composition of the colrurm effluent.  A 
typical  chromatogram i s  shown in Ngure 2A. 

d. Detennination of Ha, A, On, N,, C&, and CO: Another portion 
(0.5 ml) of the preconditioned gas sample i s  analyzed for  &, A (or O,), N,, 
C&, and CO using the 6-ft molecular sieve 5A column located i n  the same wen 
and operated under the same conditions as for the s i l i ca  gel  c o l ~  in (c )  
above. A typical chromatogram i s  sham i n  Figure 2B. 

e. Calculation of sample camposition: The overall  composition of 
the sample on a dry, &+-free basis  i s  calculated as follows: 

(1) Percent CO, as determined by Orsat 
(2)  Percent of other components by normalization pf the 

values fmm gas chromatography t o  the CO,-containing 
basis,  us- t he  formula: 

where 
fn = normalization f w t o r  

T h e  required for a complete analysis i n  duplicate is about one hour 
including calculation. 
analyzed by one operator. 

During a n o d  working day seven samples can be 
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3. Results and Discussion: Precision of this method, using the  Orsat 
CO, analyzer and the F & M gas chromatograph Model 700-231, may be expressed 
as standard deviations of the  components i n  a gas sample. The observed pre- 
cision, as sham i n  Table 2, i s  considered high and qui te  satisfactory.  

1 
I 

The product gases from more than 100 CFR experiments have been collected 
by the glass sampling system and analyzed by t h i s  combined method. Tables 3, 
4, and 5 show the composition of several. samples collected during experiments 
using three d i f fe ren t  coals. 

In all three tab les ,  sample 'IS" represents the simulated Stage 1 gas as 
The three  samples of Stage 1 gas were 

Sample "1" 
purchased for  use in the experiments. 
f a i r l y  consistent i n  composition sharing only s l igh t  deviations. 
represents the composition of the product gas before introduction of coal 
feed. 
gas shift reaction to form H, and CO,, t h u s  making the  product gas higher i n  
COa and 
C& was a l s o  detected i n  the  product gas, possibly due t o  the reaction of Co 

' a n d % .  

It i s  apparent that CO i n  the feed gas reacted with Ha0 by the water 

and lower i n  CO than the  or iginal  feed gas. A small amount of 

M e r  coal feeding began, two or more samples were collected, each over 
a period of 2 minutes. These, designated as Sample 2, Sample 3, e tc . ,  con- ( 

samples. I 

The last sample sham i n  the tables  i s  the  t o t a l  composite product gas ! 

tained CH, in munts consistent with the operating conditions. 
amounts ( less  than 0 . e )  of C&, and even l e s s  C,H, were found i n  these 

Only t race 

a s  accumulated i n  a gas holder during the t o t a l  period of each CFR t e s t .  
This sample, natural ly ,  contained less  CI&, as the gas holder also a c d a t e d  
the  Na used t o  purge the reactor system before and a f t e r  the t e s t  and an extra 
amunt  of the Stage 1 feed gas used t o  es tab l i sh  equilibrium with steam at the 
s t a r t  of the test. 

C. 

I 

, 
Methods f o r  100 lb/hr Process and Equipment Development U n i t  

Construction of a 100 lb/hr  internal ly-f i red process and equipment de- 
velopment uni t  (F'EDU) is  nearing completion. Except fo r  use of an ash-free 
fue l  In  Stage 1, this PEDU w i l l  simulate c losely the conditions expected i n  
both Stage 1 and Stage 2 of a ful l -scale  two-stage super-pressure p i lo t  plant. 
I n  the mein zone (Stage 2 )  of the 100 lb/hr reactor,  steam and fresh coal 
Will react  with Stage 1 gas t o  form a second stage product gas re la t ively 
r i ch  i n  CI& and w i l l  leave a residue of pa r t i a l ly  reacted coal. 

1 

I 

It i s  expected that t h e  f i n a l  product gas of the PEDU may deviate i n  com- 
posit ion from that produced i n  the 5 &/hr CFF? &?it by passible presence cf C, 
and C3 hydrocarbons. In view of t h i s  poss ib i l i ty ,  a rapid G.C.  column capable 
of separating CO, and minute quant i t ies  of C, t o  C3 hydrocarbons has been 
developed. 

l 

A stainless  s t e e l  sampling system, eliminating the  use of a confining 
l iqu id ,  has also been developed f o r  the taking of semples d i rec t ly  from the  
PEW system. 



Run No. 

1 

- 
2 

3 

TABLE 2. REPLICATE ANALYSES OF A GAS SAMpLe BY 
COMBINED ORSAT AND DIFFERENTIAL G.C. METHOD 

Component, Percent by’ volume 
- C , H , H , L N z ’ -  CO,+ A co 

18.6 1.8 24.8 11.9 1.9 10.5 30.5 

18.5 1.9 24.6 11.9 2.0 10.7 30.4 

18.5 1.8 2k.8 11.9 1.9 10.7 30.4 

4 18.3 1.3 25.9 11.8 1.8 10.7 30.2 

5 18.6 1.5 25.9 11.8 1.9 10.2 30.1 

6 L8.5 1.5 25.1 11.7 1 - 9  10.8 30.5 

Mean 18.50 1.63 25.18 11.84 1.90 10.60 30.35 

Std. Dev. (a) 0.110 0.233 0.577 0.082 0.100 0.219 0.164 

* CO, by Orsat Method 

I 

I 

/ 



3. CoB3posITION OF GAS PRODUCTS IN GASIFICATION 
OF PITTSBUFGH SEAM COAL IN 5 LB/HR CFR, TEST NO. 79 

B t e  

component, Percent volume 
% 4 A A % C O  

Stage 1 

1 ProQct gas w i t h -  
out c o a l  

2 Flrst sample w i t h  
coa l  feeding 

3 Second sample with 
c o a l  feeding 

4 Third sample with 
coal feeding 

5 Total a c d a t e d  
product 

15.7 18.5 9.9 0 0 55.9 

29.8 3 . 0  0.3 0 T 30.1 

26.4 28.1 7.7 o 7.2 30.6 

25.5 26.7 7.6 o 8.0 32.2 

24.2 25.4 7.6 0 8.9 33.9 

17.7 20.8 5.8 29.6 2.6 23.5 

0 

0 

T 

0 

0 

0 
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TABU?, 4. COMWSITION OF GAS PRODUCTS IN GASIFICATION 
OF LIGNITE IN 5 LB/HR CFR, TEST NO. 82 

Component, Percent Volume -le -- No. S a m p l i n g  c o , H B A n , C I I , C O s a k  
S Simulated f i r s t  

stage gas 15.5 18.5 9.9 0 0 56.1 0 

1 Pmauct gas without 
coal 29.7' 3.6 8.4 o 0.1 30.2 o 

2 F i r s t  sample with 
coal feeding 29.0 28.0 6.2 0 9.6 27.2 T 

3 Second s q l e  with 
coal feeding 29.0 28.6 6.3 0 9.6 26.5 T 

4 Third sample with 
coal feeding 28.7 28.8 5.6 0 11.3 25.6 T 

5 Total accumulated 
product 23.8 25.6 6.5 14.3 3.5 26.3 - 



TABLE 5. CoMwIsITIorJ OF GAS PRODUCTS IN GASIFICATION 
OF ETXOL C W  IN 5 LB/HR CFR, TEST NO. 93 

Sample 
2%- 

S SinniLsted first 
stage gas 

1 Pmchlct gaswithout 
coal 

2 Firstsamplewith 
coal feeding 

3 Second sample with 
coal fee- 

5 M h m n p l e w l t h  
coal feeding 

6 ~otalaccrunilatect 
product 

ComDonent, Percent Volume 
c o , H , A A L % C O W A  

15.6 20.1 

26.6 30.2 

3 . 5  28.2 

30.1 28.3 

30.0 28.1 

30.5 27.9 

22.6 24.6 

10.1 0 0 54.2 0 

8.7 0 0.1 34.4 0 

o 11.6. 22.8 0.02 6.9 

6.9 o 11.5 23.2 T 

6.8 0 11.8 23.3 T 

6.9 0 11.7 23.0 T 

6.5 16.5 4.2 25.6 T 
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1. Sampling System: To eliminate the use of a confining liquid i n  the 
Sampling system, an evacuated s ta in less  steel (s.s.) device, as sham i n  
Figure 3, was developed. 
(A.C. Tank Co.) each equipped with a Hoke packless valve and connected i n  
para l le l  t o  a common l/b-inch OD manifold. For sampling pref i l te red  gas, 
the i n l e t  of the system i s  provided with a single-stage, corrosion-resistant 
regulator and a 0-30 ps i  gatge. 
cartridge i s  inserted between the regulator and the sampling point. 
ou t le t  of the manifold, a control valve i s  ins ta l led ,  together with a t r ap  
and a f l o w  indicator f lask containing s i l icon f lu id .  

It consists of eight 1500 m l  S . S .  sampling bulbs 

For sampling unfi l tered gas, an MSA filter 
A t  the  

After the f'ully evacuated system is connected to  the sampling point, 
The out le t  of the 
The pressure of 

the manifold i s  purged a t  a regulated pressure of 4 ps i .  
manifold i s  closed and bulb No. 1 i s  immediately opened. 
gas i n  the bulb i s  then gradually increased at a constant r a t e  to about 20 
ps i  during the  period of operation t o  be sampled, usually one to  two minutes. 
A t  the  end of the sampling period, bulb No. 1 i s  closed and the out le t  of the 
manifold i s  again opened; the manifold gas pressure i s  immediately reduced to  
4 ps i  and purging i s  continued. 

The procedure i s  repeated fo r  collection of the next sample using bulb 
No. 2. 

2.  An Improved G . C .  Method for  the 100 lb/hr PEDU Tests: Recently, a 
new column packing known as Porapak Q w a s  reported t o  be be t te r  than s i l i c a  
ge l  f o r  resolving many types of organic compounds and gases (7, 8). So an 
investigation of Porapak Q for  resolution of CO,, hS, and l i gh t  hydrocarbons 
was made. In  experiments with an 8-ft Porapak Q column, it w a s  found t h a t  
mixtures of C,-C3, CO,, and %S could be completely separated in  a shorter 
time and eluted i n  much sharper peaks than on a 3-f% s i l i c a  gel  column. 

i 

Figure 4 shows a chromatogram produced by a synthetic mixture on the 
8- f t  Porapak Q column operated a t  50 C w i t h  50 ml/min of helium car r ie r  gas. 
The elution sequence of the components i s  as follows: 
CO), C&,  CO,, C,&, C 2 & ,  QS, and C 3 5 .  Good precision on t h e  analysis of 

t ions  of these components i n  a synthetic mixture are  shown i n  Table 6. 
H,S can be rapidly and accurately determined on t h i s  Porapak Q column, the 
iodometric t i t r a t i o n  of H,S a s  used fo r  the 5 lb/hr CFR t e s t s  can be eliminated. 

Therefore, i n  the f'uture an 8-ft Porapak Q will be used i n  combination 

? 
Composite (N,, %, O,, 

Standard devia- 
Since 

, 
I 

C,-C, hydrocarbons and H,S has been achieved on this column. 

with a 6-ft molecular sieve 5A for product gas analysis. Time required fo r  a 
complete analysis of inorganic gases and C1-C, hydrocarbons, i n  duplicate, i s  
about 2 hours. I 

CONCLUSION I 
Each of the three phases encountered so far in  the development of the BCR 

two-stage super-pressure gasif icat ion process has presented some specific 
analyt ical  problems. By development of three C.C.  methods and two sampling 
devices, these analyt ical  problems have been sa t i s fac tor i ly  solved. 

! 

I 
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Campansnt, Percent Volume 
Ihrn k. 

1 

2 

3 

4 

5 

6 

&an 

Absolute o 

cfl, - 
10.1 

10.0 

10.1 

9.8 

10.0 

9.9 

9.983 
0.117 

ma - 
30.5 

30.8 

30.6 

30.4 

30.5 

30.8 

30.600 

0.168 

Ca% 

0.48 

0.50 

0.50 

0.52 

0.50 

0.49 

- 

0.49 

0.013 

calb 
0.49 

0.50 

0.50 

0.48 

0.49 

0.49 

0.49 

0.- 

HBS - 
0.21 

0.18 

0.18 

0.20 

0.21 

0.21 

0.19 

0.015 

I 

1 
0.50 

0.46 

0.47 4 

0.50 4 
0.480 

0.167 

I; 

it  Balrnce or the mixture wan nitrogen. 
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HEAT CAPACITY OF COAL 

Anthony L. b e  

I n s t i t u t e  of Gas Technology 
3424 South State S t r ee t  
Chicago, Illinois 60616 

Although many authQrs have reported the heat capaci-y of coa- and 
the  experimental methods used (1-6,8,11, 13,15-18) , few of the i r  inves- 
t i?ntionS were conducted above 3OO0C (57Z0F). 
ties of determining t h e  heat capacity of coa l  experimentally, especial ly  
during heating and at high temgeratures, disagreements have a r i s en  amonr. 
r=ewch  workers. Some authors have found that the  heat capacity of  
C 3 d  increases wi th  temperature (3,5), while others  have found that. i l  
decreases. (1J2)  This disagreemept could be the Sesul t  of t h e  methods 
l m d  t o  obtain the heat capacity.  Since coal  contains up t o  50$ vola- 
tile matter, the weight of coal  changes considerably during heating as 
the v o l a t i l e  matter escapes. To f'urther complicate the  matter, i f  t he  
coal  were allowed t o  oxidize during heating, one can be sure tha t  the  
rcSUltS would not be the same. Even i f  one takes the egcaped volatile 
matter in to  consideration, the  precis ion of the measurement w i l l  suffer 
because the treatment of experimental data depends on the material bal-  
cWCO, the  ana ly t i ca l  methods, and the assumptions. 

The decrease of Op as t h e  temperature increases above 3OO0C c m l d  IIC 
explained bx the  endothermlc reac t ion  of so-called "pyrolysis, 'I "decnr- 
bmizat ion,  o r  "coking. "(7,14,18) Coal starts devo la t i l i za t ion  mick- 
l y  R t  temperatures above 700°F, So, at 70O0F or  above, the exper-lnien- 
t a l l y  measured value Is - 

Because of the  d i f f i cu l -  

a = C  +&Ie  (1) P 

whzre : 

;2 = the  measured value and is cal led the pyro-heat capacity i n  t '  Ls 

T p  = the heat capacity of coa l  

paper 

& C  = the heat of the  endothermic react ion 

To determine t h e  t r u e  heat capacity of coal, the  &e must be kilq,Wn 
accurately.  Since coal  i s  complicated i n  nature, it i s  experimentally 
di"icu1t t o  determine 4% accurately.  As an example, Agroskin m d  
Zsncharov ( 1 J 2 )  proposed t o  determine cp  d i r e c t l y  as follows: 

1. :!eat the coal  t o  the decarbonizing temperature unt i l  cokin: 

2.  

stops 

gieasure the Cp of tk1e residue 

QbJimsiy, 2s t h i s  res idue is  no longer t h e  coa l  one started w i t h ,  + !- F, 

rnc*:s-,ned Cp i s  not t he  Cp of the coal  but the 'Cp of t h e  coke. 
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This author propmes t o  determine the fi as follows: 

1. Drop t h e  cola  coa l  i n t o  the  hot calorimeter t o  determine the Cp and 
A& - 

?. LZrop the  coke from the  previous run t o  determine the  Cp of' [he coli(:. 

The analyses of  v o l a t i l e  matter,  coal, and char must  be very accur- 
a t e  so that a c lose ma te r i a l  balance can be achieved. If the heat cap- 
a c i t i e s  of  a l l  the  v o l a t i l e  matter a r e  hown, t h e  heat capacity of coal 
can be deduced, t h e  d i f fe rence  between these two runs being the AI . 
However, since there i s  no common base f o r  these two runs, th i s  me hod 
has the  same flaw as Agroskin's; that is ,  t he  C of the coke i s  not the 
same a s  that  of  t he  coal .  From an engineering goint of  view, the  
"C  + term i s  the one that i s  needed i n  ac tua l  cases. Since the 
tegperatures  arz a l l  abovz decarbonizing temperature , the e f f ec t  t o  
worry about is C p  + &. 

The reported C 
u e  of the  e n d o t h e h c  react ion;  therefore ,  it i s  ca l led  the  "pyro-heat 
capacity of coal. 

k , 

values  a t  temperatures above 700'F include the val- 

EXPERIPENTAI, WORK 

I n  t h i s  work, two calor imeters( l2)  were used t o  measure the heat capa- 

Figure 1 presents a schematic drawing of the  standard 

Figure 2 i s  a sc'hematic drawing 

c i t i e s  of coa l  at  temperatures from 600' t o  1500'F and pressures f'rom 
0 t o  1500 psia .  
drop calorimeter, which i s  su i tab le  f o r  operation at temperatures lower 
than the  decarbonization temperature. 
sf t h e  reac t ion  calor imeter  used at high temperatures. 

c ~ l d  neck zone of the calorimeter.  
furnace and is maintained at a constant temperature. 
used t o  achieve the desired pressure i n  the  calorimeter.  
is lowcred i n t o  the calor imeter  body after the  temperature and pressure 
of the  calorimeter have been s t ab i l i zed  f o r  2 hours. 
3f t h e  calorimeter is  measured by four  thermocouples and two resis tance 
thermometers d i s t r i b u t e d  around the calorimeter body. The coal  j s  ana- 
ly.oed before and after t h e  experiment. A gas sample i s  a l so  taken tc,  
check f o r  the  v o l a t i l e  matter that escaped from the coal.  Because tlle 
v q l a t i l e  matter is  contained within the calorimeter at a l l  times, ti' 
one knows the  composition, weight, and other  var iables  of the  gas and 
mliu,  the t o t a l  material and eneligy balance can be determined. 

'['he coa l  sample is  contained i n  a basket t h a t  i s  suspended i n  t h e  

The sample 

The calorimeter body i s  ins ide  the 
An i n e r t  gas i s  

The cooling r a t e  

Establ ishing an energy balance sound the calorimeter, we have - 
baskets 4- !mc+T) coal mC+' 1 ca i o r  imet er  = (mCphT) ( 2 )  

The mC 
pure afmina, f o r  which the  heat capacity i s  w e l l  established fori a 
wide temperature range. ( 9 )  
srmteci i n  Figure 3 .  

brated as a ~ m c t i 2 n  s r  t e i i p r a t u m ,  the in:t:a~Ptemperatiire o r   le c o ~ ~  

(mass X heat capaci ty)  of the  calorimeter w a s  determined by up in -  

The r e s u l t s  of calorimeter conytants are prc,- 

The AT of the calor imeter  i s  measured, the  IIJC of the backetr, i- C a l i -  
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md the  basket i s  measured, and the final temperature of t he  coal  and 
;he basket i s  assumed t o  be t h e  same as that of the  calorimeter f i n a l  
;emperatwe. Therefore, t he  only unknown remaining i n  Equation 2 i s  
;he C p  - t he  pyro-heat capacity of  the coal. 

?he conpnsition of t he  coal  and chars investigated i s  presented i n  
Fable 1. 

1 Table 1. ANALYSIS OF COAL AND COAL CHARS 

'rsxiniate Analysis, w t  $ 
i . d s t u r e  
Vola t i le  Matter 
Fixed Carbon 
Ash 

1 Total 
IltLmate Analysis, wt $ 
Carbon 
Kydrogen 
Nitrogen 
Oxygen 
su1f-u.r 
Ash 

.. 

Total 

Raw 
Coal - 
1- 3 

34.6 
52.0 
12 .1  m 
71.2 
5.14 
1.23 
6.03 
4.19 

12 .21  
100.00 

Pretreated 
Coal 

0.5 
23.3  
63.5 
12.7 m 
70.1 

3.70 
1.37 
8.30 
3.80 
12 * 73 

100.00 

low - Temp 
Res idue 

0.6 
4.6 

77.6 
'17.2 
lm35 

76.9 
2.05 
1.01 
0.65 
2.09 

17 30 
100.00 

High-Tenp 
Residue 

0.6 
3 .3  

71; 6 
24.5 

100.0 

72.6 
1.08 
0.54 
0.00 
1 .24  

24.62 
100.00 

N. D. 
Lignite 

34.0 
28.4 
31.3 
6 . 3  

1CO. c! 

64.8 
0.78 
0.91 

20.85 
3.20 
9. h6 

100.00 
t y p i c a l  experimental ml is  presented i n  Figure 4. The r e s u l t s  cf t h i s  

Jtudy are presented i n  Table 2 and Figure 5. The general  t rend of the 
ieat capacity of coal  i s  that  it increaqes as temperature, t h e  amount of' 
colat i le  matter, and the  moisture content increase,and decreases as t h e  
ish content increases. This behavior agrees w i t h  other inves t iga tors '  
m k .  (3,5,6, , l O , l l )  The heat  capaci ty  of t h e  coal  behaves t h i s  way 
iecause the  heat capacities of t h e  v o l a t i l e  matter (CH+, H2, e t c . )  and 
.he moisture (H20) are higher than g raph i t e ' s  and the  heat capaci ty  of 
+sh i s  lower than graphi te ' s .  Detailed discussion may be found e l se-  
There. (5,6, lo) 

The temperature of the  calorimeter i s  measured t o  within 0.02OF, the  
lressure i s  measured t o  w i t h i n  + 2 p s i  f o r  above atmospheric pressure 
,leasurements and t o  within 10  dccrons f o r  vacuum measurements, t he  weight 
If a sample i s  measured t o  within 0.0005 gram, the  coal  a n a l y s i s  i s  ac- 
urate t o  within 5 0.776; and t h e  gas analys is  i s  accurate t o  5 2.07. The 
s tha t ed  precision of t he  r e s u l t s  i s  about 2 10% because o f  the  thermai 
2~ of  t h e  calor imeter( l2) ,  t h e  d i s t r i b u t i o n  of t he  v o l a t i l e  matter 
s i thin the  calorimeter, and t h e  ca l ib ra t ion  r e s u l t s .  ( 1 2 )  
,O;.ITARIX)N OF DATA 

I 

;r temperatures up t o  20.00°F. 
jr>: range from 0.2  t o  0.5 Btu/lb-OF; t h e  general  trend i s  t h a t  the  .Cp 
ncreaSeS with increasing temperature. 

i :?3r comparison purposes, t h e  l i t e r a t u r e .  values of t he  heat capacity ; coal  a r e  presented i n  Figure 5 w i t h  t he  data obtained from , t h i s  work. 
..-etL cwve  5s preceded 
ce r s f n r ' j n s r .  nurrher Lnaicates t he  source of information, v k i i c k !  i z  liz'~?'!. 

The U.S. Bureau of Mines reported t h e  heat contents of various coals (I.?) 
The heat capac i t ies  deduced f r o m  this 

b:; a reference number ?nd a numerical rimher. 
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i n  t he  sec t ion  "LITEFlATURE CITEI)," and the  numerical number indicates  
t h e  v o l a t i l e  matter content. 

gQod, although the general  trend i s  t h a t  t he  heat capacity of coal  in- 
creases w i t h  increasing v o l a t i l e  matter content and temperature. 

A s  can be seen from Figure 5, t he  agreement among authors i s  not too 

CORRELATION 

Based on t h e  data obtained from t h i s  work and tha t  ava i lab le  i n  the 
literature, t h e  heat capaci ty  of coa l  i s  assumed t o  be a function of 
t h e  v o l a t i l e  matter content and t h e  temperature. The change of heat 
capaci ty  w i t h  v o l a t i l e  matter content at a constant temperature, ( a C p /  
3Vm),, i s  near ly  constant f o r  every temperature. 
temperature, (aCp/aT)v are a l s o  near ly  constant f o r  every constant 
v o l a t i l e  matter conten!?within t h e  accuracy of t he  data. The (aCp/aVm)T 
w a s  p lo t ted  aga ins t  temperature. The in te rcepts  af the Vm vs.  T plot  
were a l s o  p lo t ted  aga ins t  temperature. When an equation i s  f i t t ed  t o  
each of these two p lo ts ,  the following generalized cor re la t ion  r e su l t s  - 

The heat capacity and 

Cpm = 0.17 + 1.1 X T + (3.2 X lo-' + 3 - 0 5  X lo-' T)Vm ( 3 )  
where : 

Cpm = mean pyro-heat capaci ty  i n  Btu/lb-OF; base temperature i s  70°F 

T = temperature i n  OF ' f  

I Vm = v o l a t i l e  matter, dry basis, i n  weight percent ~ 

Equation 3 can p red ic t  a l l  the heat capacity data of coal  within the  
The l a rges t  deviat ion i s  about lo$,. experimental accuracy of the  data. 

while the average deviat ion is  about 2 5%. 
ed values with t h e  experimental data i s  shown i n  Figure 6. 
overcrowding, no t  a l l  of t h e  literature values are presented. 

A comparison of the  predict- 
To avoid 
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Figure 1. DROP CALORIPETER 
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TEMPERATURE, O F  

S i p e  3 . CALORIMETER CONSTANTS C A L I B R A T E D  
BY USING ALUMINUM OXIDE 

TIME, minutes A-28352 

Figure 4. TLIYIE-TEMPERATURE C O O U N G  CUF.OZ 
FOR RUN NO. 92 
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FLUID-BED GASIFICATION OF PITTSBURGH-SEAM COAL WITH OXYGEN AND WITH A I R  

A .  J.  Forney, R. F. Kenny, and J. H. F i e l d  

U. S. Bureau of Mines, P i t t sbu rgh  C o a l  Research Center 
4800 Forbes Avenue, P i t t sbu rgh ,  Pennsylvania 15213 

In t roduct ion  

Most processes for producing e i t h e r  high-Btu gas o r  gaso l ine  from coal 
include a g a s i f i c a t i o n  s t e p  t o  make hydrogen o r  syn thes i s  gas.  For high-Btu 
gas or  gasoline pressure  g a s i f i c a t i o n  i s  prefer red  because of i t s  g rea t e r  
y i e ld  of methane and h igher  r a t e  of g a s i f i c a t i o n .  
system has t h e  advantage over o the r  systems of b e t t e r  con t ro l ,  b e t t e r  hea t  

- t r a n s f e r ,  f a s t e r  r e a c t i o n  time, and the  u t i l i z a t i o n  of 'fine coa l s .  However, 
oxygen i s  an expensive i tem i n  the process.  I f  a i r  can be subs t i t u t ed  fo r  
oxygen, s i g n i f i c a n t  savings i n  c o a l  conversion c o s t s  may be r ea l i zed .  Some 
experimenters have opera ted  g a s i f i e r s  without oxygen: The B r i t i s h  wi th  the 
IC1 moving burden technique (g', t h e  Aus t r a l i ans  with a similar sys t em except 
f o r  t he  s u b s t i t u t i o n  of sand f o r  t he  hot ash  (k), Consol ida t ion  Coal with t h e  
C02-acceptor process (3, Rumme1 with the s l a g  ba th  (a, and Kellogg with a 
molten s a l t  bath (9. The Bureau of Mines i s  now t r y i n g  steam plus oxygen 
i n  g a s i f i c a t i o n  of c o a l  under pressure and steam plus a i r  a t  p ressures  below 
7 atmospheres. 

Pressure G a s i f i c a t i o n  

The fluid-bed gas i f i ca t ion  

The Bureau's work i n  f lu id i zed  g a s i f i c a t i o n  has been d i r ec t ed  mainly to  
gas i fy ing  caking c o a l s ,  s p e c i f i c a l l y  Pittsburgh-seam coal (3.  The f i r s t  
system t r i e d  involved two f l u i d  beds i n  s e r i e s  ( f igu re  1 ) - - the  f i r s t  pre- 
t r e a t i n g  t h e  r a w  c o a l  at  about 400' C with steam plus air o r  oxygen; the 
second gas i fy ing  t h e  coal plus  the gases and tars with add i t iona l  steam and 
oxygen a t  850' to 900" C.  Due to the  cocurren t  flow i n  the two r eac to r s ,  
t he  methane y i e l d  was less than expected. In t he  second system t r i e d  
( f igu re  2) t h e  coa l ,  70 p c t  through 200 mesh, was fed i n t o  t h e  top of the 
r e a c t o r  where it dropped through the p r e t r e a t i n g  oxygen and steam which 
mixed with t h e  r i s i n g  gases from a 3-inch-diameter fluid-bed g a s i f i e r .  
Again the pre t rea t ing-carboniz ing  s e c t i o n  was operated a t  400" C and the  
g a s i f i e r  a t  900' C. A t  20 atmospheres pressure  t h e  gas production was 
28 SCP/lb c o a l ,  the  d ry  gas canpos i t ion  approximately 36 pct €IZ, 1 9  pc t  CO, 
31 pc t  C02, and 14 p c t  C&, with t r a c e s  of C2H, and C 3 h .  
the  g a s i f i e r  was 140 lb /h r - sq  f t .  
t h a t  i n  the product ion  of high-Btu gas f r a n  g a s i f i c a t i o n  plus  methanation, 
as much methane can be made i n  the  g a s i f i c a t i o n  a s  in the methanation. 

The throughput of 
This h igh  methane y i e ld  (14 pc t )  means 

Underlined numbers i n  parentheses in  the t ex t  i nd ica t e  items i n  the  l i s t  of 
re ferences  a t .  t h e  end of t h i s  paper. 
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I By i nc reas ing  t h e  pressure  of the  g a s i f i e r  t o  40 atmospheres, we es t imate  
t h a t  we can reduce the  cos t  of the  high-Btu gas about 5 ~ / 1 , 0 0 0  SCF. 
40-atmosphere g a s i f i e r  i s  now under cons t ruc t ion .  

This 

Since almost one- th i rd  of the c o s t  of high-Btu gas from g a s i f i c a t i o n  
plus methanation i s  due t o  the  cos t  of oxygen, we have a l s o  undertaken t o  
develope a system i n  which a i r  i s  s u b s t i t u t e d  f o r  oxygen. 

Atmospheric Gas i f i ca t ion  With Steam Plus A i r  

A ske tch  of the  appara tus  is  shown i n  f i g u r e  3 ,  and a photograph of t he  
u n i t  i s  shown i n  f igu re  4.  
s epa ra t e  po r t s  i n t o  a fluid-bed g a s i f i e r .  The 8-inch diameter by 5-foot high 
r e a c t o r  i s  ba f f l ed  s o  the  products o f  combustion can be separa ted  from the 
products of steam g a s i f i c a t i o n .  
i s t i c s  of a f lu id i zed  bed; namely, t h a t  while t h e  s o l i d s  mix thoroughly,  
t he  upward flowing gases have l i t t l e  l a t e r a l  motion. Thus i t  i s  poss ib l e  t o  
keep two d i s s i m i l a r  gas streams sepa ra t e  i n  a f l u i d  bed (4,). The bottom 
of the  r e a c t o r  is  no t  ba f f l ed  fo r  the f i r s t  f o o t  of reactor h e i g h t ;  above 
t h a t  a s o l i d  b a f f l e  i s  used. The c o a l ,  which has  been p re t r ea t ed  i n  a 
combined en t ra ined  and f r e e - f a l l  s e c t i o n ,  drops i n t o  the  steam s i d e  of the 
g a s i f i e r  so that i t s  carboniza t ion  gases w i l l  be p a r t  o f  the  product stream. 
Figure  5 shows a flowsheet of the system. 

The concept i s  t o  feed a i r  and steam through 
\ 

I The system i s  based on the  flow cha rac t e r -  
I 

The gas produced a t  present  i n d i c a t e s  t h a t  the gas streams can be kept 1 p a r t i a l l y  i s o l a t e d .  The gas produced i s  not  s u i t a b l e  f o r  high-Btu gas a s  
t he  n i t rogen  content--14-20 p c t - - i s  too h igh .  It could,  however, b e  used 
as a syn thes i s  gas i n  making l i q u i d  f u e l s ,  ammonia, o r  a s  a r i c h  producer 
gas .  Analyses of the product and combustion gases ,  and the  temperature 
p r o f i l e  on the  a i r - c o a l  and the  steam-coal s i d e  a r e  shown i n  t a b l e  1. The 
process i s  equal ly  app l i cab le  t o  both caking  and non-caking coa l s .  With 
caking c o a l ,  such a s  our Pittsburgh-seam, pretreatment with steam and oxygen 
was included i n  our experiments,  but t h i s  should not be considered an 
e s s e n t i a l  p a r t  of t h e  process .  

h 

A t  t o t a l  flows of 90 cu  f t / h r  of steam and 60 cu f t / h r  of a i r ,  and a t  
I coa l  feed r a t e s  of 3 l b / h r ,  t he  l e a s t  n i t rogen  i n  the  product stream i s  
I 14 p c t  ( t e s t  14-3) .  The flows a r e  regula ted  by c o n t r o l l i n g  the  quan t i ty  of 
I combustion product gas l eav ing  the  combustion s i d e .  Any gas i n  excess  of 

the  s e t  flow passes through t h e  back pressure  r egu la to r  on the  product gas 
s i d e .  The n i t rogen  percentage is recorded by an on-stream chromatograph 
on the  product s i d e  and the  c o n t r o l l e r  va r i ed  t o  keep i t  t o  a minimum. 
The composition of the  two gas s t leams t h u s  depend both on t h e  e f f i c i e n c y  
of  the  b a f f l e  conf igura t ion  and on the  s e t t i n g  of the  flow c o n t r o l l e r  on 
the  combustion s i d e .  

Temperature p r o f i l e s  ( t e s t  12-5) show 905' C on the combustion s i d e  
compared with 870' C on the  product s ide  a t  t he  leve l  1 9  inches above the  
base of the  r e a c t o r .  Since the  e l e c t r i c  h e a t e r s  which hea t  up  the r e a c t o r  
shut  o f f  a t  temperatures exceeding 800' C, these  temperatures i n d i c a t e  
good s o l i d s  mixing and hea t  t r a n s f e r  from the combustion s i d e  to  the  product 
s i d e .  
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TABLE 1.- T e s t s  i n  a fluid-bed g a s i f i e r  us ing  a i r  in place of oxygen 

T e s t  No . 11-6  12-5  14-3 1 4 - 9  15-9  1 7 - 2  

Coal feed. l b /h r  ................. 2 . 8  
Steam. SCFflb ..................... 30 
A i r .  SCF/lb ...................... 20 
Pre t r ea t e r  oxygen. SCF/lb ........ 1 
Pre t r ea t e r  steam. SCF/lb ......... 5 
Pressure.  atm .................... 2.5 
Cbmbustion s i d e  temperature.  'C: 

2 i n  . from base ............ 970 
1 1  i n  . from base ............ 830 
19 i n  . from base ............ 840 
3 1  i n  . from base ............ 725 

2 i n  . from base ............ 772 
11 i n  . from base ............ 825 
19 i n  . from base ............. 835 
3 1  i n  . from base ............ 715 

Product s i d e  temperature.  'C: 

Product gas ana lys i s .  pct :  
H2 .......................... 35 
N 2  .......................... 28 
co .......................... 9 
cH4 .......................... 7 
c2+ ......................... 4 
GO2 ......................... 17 

Heating value.  Btu/cu f t  ......... 284 
Combustion gas ana lys i s .  pct :  

H 2  .......................... 1 4  
N 2  .......................... 62 
CO .......................... 8 
cH4 ........................... 1 
COB ......................... 1 5  

Heating value.  Btu/cu f t  ......... 7 8  
Yield product gas .  SCF/lb ........ 14  
Yield combustion gas .  SCF/lb ..... 20 
Tota l  y i e ld .  1 SCF/lb ............. 13 

Product gas H2*O*.C. .pet ........ 6 3  
Tota 1 H2SCO+HC 

Pc t  HV i n  product gas ............ 72 
Carbon conversion. p c t  ........... 6 0  

3 . 0  
30 
20 
1 
5 

2 . 5  

880 
920 
905 
7 40 

480 
82 1 
87 0 
7 10 

43 
22 
12 

6 
. 3 

1 4  
2 92 

5 
7 4  

8 
1 

12 
51 
17 
20 
14 

7 9  

85 
56 

3.18 
30 
20 
1 
5 
4 

78Q 
900 
880 
7 10 

443 
850 
850 
680 

45 
1 4  
12  
10 

2 
17 

322 

13  
62 

9 
2 

1 4  
91 
1 0  
26 
1 3  

5 4  

58 
5 0  

3.18 
30 
20 
1 
5 
4 

945 
935 
9 40 
7 6 0  

42 5 
6 40  
890 
7 90 

38 
27 
11 

7 . 
1 

16 
246 

12  
62 
12 
1 

1 3  
88 
20 
20 
16 

69 

7 4  
50 

3.08 
30 
20 
1 
5 
4 

7 6 0  
880 
882 
7 40 

410 
7 40 
850 
7 2 0  

43 
19 
13  

9 
1 

15 
2 9 0  

8 
7 1  

8 

13 
5 0  
15 
1 9  
1 4  

7 9  

82  
52 

.. 

3.86 
2 0  
20  
1 
5 
4 

760 
900 
900 
700 

1140 
860 
885 
690 

35 
34 
13 

3 
1 

1 4  
203 

9 
7 1  

7 
.. 

. 13 
50 
16 
15 
10 

80 

80 
.. 
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Analyses of gas made on the  product s i d e  ind ica t e  a maximum of 322 
Btu/cu f t  o r  twice the  producer gas va lue ,  and ana lyses  of gas made on the 
combustion s i d e ,  50 to  90 Btu. 
i n  t h e  r e a c t o r ,  i s  on t h e  product s i d e ;  a m a x i m u m  of 85 pc t  of the  hea t ing  
va lue  i s  on the  product s i d e .  
s ide  probably r e s u l t s  from C 0 2  from c o a l - a i r  combustion r e a c t i n g  with hot 
carbon. A s  i s  seen i n  t a b l e  1, the  CO on the  combustion s ide  is  almost as 
g rea t  a s  on the product s ide .  When the  steam flow was lowered from 30 t o  
20 c u  f t / l b  coal feed ,  the percentage n i t rogen  increased cons iderably  
(17-2) t o  34 pct .  Fur ther  t e s t s  a r e  being made to  t r y  t o  lower t h i s  n i t rogen  
concent ra t ion .  

A maximum of 7 9  pc t  of the H2i€OSfIC, made 

The l a r g e  percentage of CO on the combustion 

The scheme shown i n  f i g u r e  6 w i l l  be t e s t ed  i n  the  fu tu re .  This design 
may no t  give as good gas sepa ra t ion  as the  f i r s t  des ign ,  but with a i r  i n  the  
annulus,  i t  should give b e t t e r  hea t  t r a n s f e r .  

Conclusion 

Pittsburgh-seam coa l  can be gas i f i ed  s a t i s f a c t o r i l y  i n  a f r e e - f a l l ,  
f luid-bed r e a c t o r  t o  give a product gas of h igh  methane content--20 pc t  
(on a C02-free b a s i s ) .  This y i e l d  of methane means t h a t  i n  the  production of 
a high-Btu gas from g a s i f i c a t i o n  plus methanation a s  much methane can be made 
i n  t h e  g a s i f i c a t i o n  as i n  the  methanation s t e p .  

S u b s t i t u t i n g  a i r  f o r  oxygen, we t r i e d  t o  opera te  a f lu id-bed  g a s i f i e r  
to sepa ra t e  the  products of combustion from the  products of steam-coal 
g a s i f i c a t i o n ,  and a l s o  t o  achieve  good h e a t  t r a n s f e r  of the s o l i d s .  The 
product gas contained a minimum of 14 pct n i t rogen ,  and temperature p r o f i l e s  
showed good hea t  t r a n s f e r .  This  gas i s  not s a t i s f a c t o r y  f o r  a 900-Btu gas 
which would need t o  conta in  l e s s  n i t rogen .  However, i t  could b e  used f o r  
synthes is  of l i q u i d  f u e l s ,  ammonia, o r  a s  a r i c h  producer gas,  and improved 
design and opera t ion  may lower the n i t rogen  conten t  of the product gas so  
tha t  a high-Btu gas may be poss ib l e .  
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Figure 3.  Baffled reactor for gasification of coal with steam and a ir .  , 
, .  



F i g u r e  4. Gas i f i ca t ion  sys t e rn  f o r  gas i f i ca t ion  of c o a l  wi th  s t e a m  a n d  air. f 
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F i g u r e  6. Two- tube  r e a c t o r  f o r  gas i f i ca t ion  of coa l  -with' s team and  a i r .  
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Coal H y d r o g a s i f i c a t i o n  Catalyzed by Aluminum Chlo r ide  

Walter  K a w a ,  Sam Friedman, L .  V .  Frank,  and R .  W .  H i t e shue  

U.S. Bureau o f  Mines, 4800 Forbes Avenue 
P i t t s b u r g h ,  Pennsylvania  15213 

INTRODUCTION 

The Bureau of Mines has  been i n v e s t i g a t i n g  the use  o f  h i g h  c o n c e n t r a t i o n s  of 
c a t a l y s t s  i n  t h e  hydrogenat ion of c o a l  t o  o i l .  
aluminum c h l o r i d e  have been screened as p o s s i b l e  c a t a l y s t s .  
l y s t  and c o a l  were used i n  t h e s e  experiments ,  whereas c a t a l y s t  c o n c e n t r a t i o n s  of 
one weight-percent  or less have been used i n  m o s t  p r ev ious  s t u d i e s .  
i s  w e l l  known as a c a t a l y s t  f o r  many o rgan ic  r e a c t i o n s  i n c l u d i n g  hydrocracking.  How- 
e v e r ,  i t  i s  no t  known t o  be a n  e f f e c t i v e  c o a l  hydrogenat ion c a t a l y s t .  I n  t h e  screen-  
i n g  experiment w i t h  aluminum c h l o r i d e  a t  450° C ,  v e r y  l i t t l e  o i l  w a s  produced, bu t  
an e x c e p t i o n a l l y  h i g h  y i e l d  o f  hydrocarbon g a s e s  w a s  ob ta ined .  

A l a r g e  number of mater ia l s  inc lud ing  
Equal we igh t s  of c a t a -  

Aluminum c h l o r i d e  

Hydrogenation of c o a l  t o  hydrocarbon g a s e s  ( h y d r o g a s i f i c a t i o n )  i s  one method 
whereby high-Btu g a s  w i l l  probably be produced i n  t h e  f u t u r e .  Coal  h y d r o g a s i f i c a -  
t i o n  p rocesses  now under developme t a r e  n o n c a t a l y t i c  and a r e  ope ra t ed  a t  tempera- 
t u f e s  of about 700° C and higher .19 High t empera tu res  a r e  used  mainly t o  o b t a i n  
h i g h  g a s  product ion r a t e s .  
needed t o  e l i m i n a t e  t a r r y  p roduc t s  and cak ing  problems a r e  more severe. The re- 
s u l t s  ob ta ined  w i t h  aluminum c h l o r i d e  demonstrated t h a t  c a t a l y t i c  h y d r o g a s i f i c a t i o n  
a t  a p r a c t i c a l  rate w a s  f e a s i b l e  a t  temperatures  c o n s i d e r a b l y  lower t h a n  700° C .  

At lower t empera tu res ,  a much longe r  r e a c t i o n  t i m e  i s  

The p r e s e n t  s tudy  was  made t o  f u r t h e r  e x p l o r e  t h e  use  o f  aluminum c h l o r i d e  i n  
a ba tch  reactor.  It i s  a b r i e f  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  t empera tu re ,  c a t a -  
l y s t  c o n c e n t r a t i o n ,  and type o f  f e e d  material on h y d r o g a s i f i c a t i o n  y i e l d s .  

EXPERIMENTAL 

I 

I 

I Equipment and Materials 

The r e a c t o r  was a 1 . 2 - l i t e r  a u t o c l a v e  t h a t  was p l aced  i n  a h o r i z o n t a l  p o s i t i o n  
and r o t a t e d  du r ing  a n  experime t .  A complete d e s c r i p t i o n  of the vessel and accessory 
equipment has been p u b l i ~ h e d . 5 ~  Charges were con ta ined  i n  a g l a s s  l i n e r  t h a t  f i t t e d  
c l o s e l y  t o  the  a u t o c l a v e  w a l l .  The f r e e  volume o f  a charged and assembled au toc lave  
was abou t  1.0 l i t e r .  P r e s s u r e  was measured w i t h  a bourdon-tube t y p e  gage t h a t  was 
connected t o  and r o t a t e d  w i t h  t h e  au toc lave .  
a lumel  thermocouple i n  a thermowell  p o s i t i o n e d  a x i a l l y  w i t h i n  the  a u t o c l a v e .  

Temperature was measured w i t h  a chromel- 

Experiments w e r e  made w i t h  h i g h - v o l a t i l e  A bi tuminous c o a l  from t h e  P i t t s b u r g h  
seam, h i g h - v o l a t i l e  C bi tuminous c o a l  from Rock S p r i n g s ,  Wyoming, a Pennsylvania  
a n t h r a c i t e ,  a Texas l i g n i t e ,  untopped high-temperature  tar produced i n  a commercial 
s l o t - t y p e  oven, t a r  from low-temperature f l u i d i z e d  c a r b o n i z a t i o n  o f  a Texas l i g n i t e ,  
and d i s t i l l a t i o n  r e s i d u e  from a Venezuelan c r u d e  o i l .  Analyses  o f  f e e d  m a t e r i a l s  
are shown i n  t a b l e  1. Coal samples were p u l v e r i z e d  t o  minus 60 mesh (U.S. Sieve)  
and d r i e d  i n  a i r  a t  70' C f o r  about  20 hour s .  

Powdered anhydrous aluminum c h l o r i d e  of 99 p e r c e n t  p u r i t y  was used .  Charges 
of c o a l  and aluminum c h l o r i d e  were premixed i n  the g l a s s  l i n e r  by r o t a t i n g  t h e  l i n e r  
and charge end-over-end f o r  2 hours .  Hydrogen w a s  ob ta ined  from commercial c y l i n d e r s .  
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TABLE 1.- Analyses  of f e e d s  1 
~ 

An - High- Low- Gtro: 

Material c i t e  c o a l  c o a l  l i g n i t e  tar  tar r e s i d u e  
t h r a -  Hvab Hvcb Texas temp. temp. leum 

I 
Analyses , .  p e r c e n t  by weight  

Moisture  ....... 0.3 0 .1  0.9 1.9 
Ash ............ 36.7 7.5 1.7 18,7 
Ultimate., maf 

C .......... 91.1 83.8 76.4 68.3 
H ......... 2.5 5.4 5.3 5.3 
N ......... 1.1 1.6 1.6 1.3 
s ........ 1.0 1.2 0 . 9  2.3 
6 1  ....... 4.3 8.0 15.8 22.8 

t r a c e  t r a c e  0.0 
t r a c e  0 .1  0.1 

92.2 83.3 85.7 
5.3 9.6 10.5 
1.2 0.7 0.6 
1.0 1.0 3.1 
0.3 5.4 0.1 

- 1 1  By d i f f e r e n c e .  

I 

Opera t ing  and A n a l y t i c a l  Procedures  

A l l  experiments  w e r e  made w i t h  50-gram charges  of c o a l  o r  o t h e r  feed  mater ia l .  
A f t e r  purging a i r  o u t  of a charged and assembled a u t o c l a v e ,  hydrogen w a s  added t o  a 
s p e c i f i e d  i n i t i a l  p r e s s u r e  s e l e c t e d  so t h a t  a p r e s s u r e  of 4,000 p s i  would be a t t a i n e d  
at r e a c t i o n  temperature .  R o t a t i o n  w a s  s t a r t e d  and t h e  a u t o c l a v e  w a s  hea ted  t o  re- 
a c t i o n  temperature  a t  a ra te  o f  about  7O C p e r  minute .  
r e a c t i o n  tempera ture ,  t h e  a u t o c l a v e  was cooled t o  room tempera ture  a t  a somewhat s lower 
ra te .  

, 

( 
A f t e r  a s p e c i f i e d  time a t  

Gases w e r e  d e p r e s s u r i z e d  through s c r u b b e r s  t h a t  removed water vapor  and ac id  
The remaining gases  were g a s e s  (Cog, HgS, and HC1 formed by r e a c t i o n s  o f  A l C 1 3 ) .  

metered ,  c o l l e c t e d  i n  a h o l d e r ,  sampled, and analyzed by m a s s  spec t romet ry .  
exper iments ,  aluminum c h l o r i d e  condensed i n  t h e  a u t o c l a v e  o u t l e t  and obs t ruc ted  the 
f low o f  g a s e s  d u r i n g  t h e  d e p r e s s u r i z i n g  s t e p .  
a r e s u l t ,  r e p o r t e d  g a s  y i e l d s  a r e  low f o r  those  experiments .  L i g h t  o i l  and water 
w e r e  removed by vacuum d i s t i l l a t i o n  t o  about  110' C and 2 t o  3 nrm o f  Hg. 
heavy l i q u i d  products  remaining i n  t h e  a u t o c l a v e  were washed w i t h  water t o  remove 
aluminum c h l o r i d e .  Material i n s o l u b l e  i n  water w a s  s e p a r a t e d  i n t o  benzene-insoluble  
and benzene-soluble  f r a c t i o n s ,  and t h e  ash c o n t e n t  of  t h e  benzene i n s o l u b l e s  was 
determined.  
w a s  s e p a r a t e d  i n t o  n-pentane- inso luble  ( a s p h a l t e n e )  and n-pentane-soluble  (heavy o i l )  
f r a c t i o n s .  

I n  some . 
Some g a s  loss w a s  i n c u r r e d ,  and, a s  

Sol id  and 

When about  2 grams o r  more of benzene-soluble  product  w a s  formed, i t  

, 

Y i e l d s  are expressed  as p e r c e n t a g e s  by weight  of  moisture-  and a s h - f r e e  (maf) 
charge .  Organic benzene i n s o l u b l e s  are d e f i n e d  a s  t o t a l  benzene i n s o l u b l e s  minus 
a s h .  Benzene-soluble o i l  i s  t h e  sum of t h e  a s p h a l t e n e ,  heavy o i l ,  and l i g h t  oil. 
Coal  convers ion  i s  g iven  on  a percentage  b a s i s  and i s  d e f i n e d  as 100 minus the per-  
ceEt of o r g m f c  beazenc i n s c l u b l e s .  

, 

RESULTS AND DISCUSSION I 

The e f f e c t  o f  tempera ture  on t h e  d i s t r i b u t i o n  of  products  from hvab c o a l  is  
Experiments  were made wi th  e q u a l  weights  of c o a l  and aluminum shown i n  t a b l e  2 .  

c h l o r i d e  a t  temperatures  o f  250° t o  450° C f o r  one hour .  
and lover, l i t t l e  o r  no hydrogenat ion  of c o a l  would occur  i n  one hour a t  4,000 p s i  
when u s i n g  low c o n c e n t r a t i o n s  of convent iona l  c a t a l y s t s .  
c h l o r i d e ,  a p p r e c i a b l e  amounts of benzene-soluble  o i l  and hydrocarbon gases  were Pro- 
duced a t  250' C.  
p e r a t u r e  was i n c r e a s e d .  

A t  t empera tures  of 300' c 

I n  t h e  presence of aluminum 

O i l  y i e l d s  decreased  and hydrocarbon gas  y i e l d s  i n c r e a s e d  as  tem- 
Conversion of coal i n c r e a s e d  between 250' and 300° C ,  but 

I 
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TABLE 2 . -  E f f e c t  of temperature  on t h e  d i s t r i b u t i o n  of 
. p r o d u c t s  from hvab c o a l  a t  4,000 p s i  

(50 grams of c o a l ,  50 grams of ALCl3) 

T i m e  Conver- Y i e l d s ,  weight -percent  of maf c o a l  
a t  s i o n ,  Organic  Benzene- Hydro- 

Temp., temp., weight-  benzene s o l u b l e  carbon N e t  A c i d  
' c  h r  . P e r c e n t  i n s o l s .  o i  L g a s e s  water  g a s e s  

2 50 1 60 40 19 27 1 8 
300 1 7 6  2 4  15 42 0 16 
300 2 70 30 19 41 <1 20 
350 1' 81 19 3 59 0 
4 50 1 74 26 <1 68 0 16 

t h e r e  was no s i g n i f i c a n t  t r e n d  i n  convers ion  between 300' and 450" C. 
i n c r e a s i n g  t h e  r e a c t i o n  t i m e  t o  2 hours  r e s u l t e d  i n  no s i g n i f i c a n t  change i n  product  
d i s t r i b u t i o n .  

A t  300° C ,  

Very l i t t l e  l i g h t  o i l  was produced a t  any tempera ture .  Benzene-soluble  o i l s  
prdduced a t  250' and 300' C c o n s i s t e d  of about  two- th i rds  a s p h a l t e n e  and o n e - t h i r d  
heavy o i l .  Hydrocarbon gases  produced a t  250' C conta ined  35 p e r c e n t  methane, 17 p e r -  
c e n t  e t h a n e ,  33 percent  propane,  11 p e r c e n t  propylene ,  3 p e r c e n t  bu tane ,  and 1 percent  
b u t y l e n e  on a volumetr ic  b a s i s .  A s  t empera ture  was i n c r e a s e d ,  t h e  p r o p o r t i o n s  of 
lower hydrocarbons i n c r e a s e d .  Methane and e thane  c o n s t i t u t e d  96 p e r c e n t  of the gas  
produced a t  450' C .  

R e s u l t s  ob ta ined  a t  250' and 300' C may have p r a c t i c a l  s i g n c f i c a n c e  a s  these  
tempera tures  a r e  below t h e  s o f t e n i n g  p o i n t  of cak ing  c o a l s .  I n  cont inuous  hydrogasi-  

, f i c a t i o n  systems,  c o a l  agglomerat ion and s toppage of f lows i s  a problem wi th  both 
caking  and noncaking c o a l s .  Agglomeration is avoided i n  n o n c a t a l y t i c  systems by p r e -  
t r e a t m e n t  of a c o a l  t o  d e s t r o y  i t s  caking  p r o p e r t i e s  o r  by r a p i d  h e a t i n g  and r a p i d  
d e v o l a t i l i z a t i o n  t o  a d r y  r e s i d u e .  It may a l s o  be p o s s i b l e  t o  avoid  agglomerat ion 
i n  a cont inuous system by u s i n g  aluminum c h l o r i d e  a s  a c a t a l y s t  a t  about  300" C .  
The hydrocarbon gas  y i e l d  of  about  40 p e r c e n t  ob ta ined  a t  300' C would be s u f f i c i e n t l y  
h igh  i n  such a process  as t h e  unconverted c o a l  could be used f o r  hydrogen product ion  
and power g e n e r a t i o n .  Product ion  of s m a l l  amounts of heavy l i q u i d s  would probably 
cause  no d i f f i c u l t i e s  i n  a cont inuous  system, but  l a r g e  amounts would be u n d e s i r a b l e ;  
heavy l i q u i d s  would tend t o  bind s o l i d  p a r t i c l e s  and render  such systems i n o p e r a b l e .  

The e f f e c t  of aluminum c h l o r i d e  c o n c e n t r a t i o n  on t h e  d i s t r i b u t i o n  of products  
from hvab c o a l  was determined a t  300' C .  
amount of aluminum c h l o r i d e  charged was v a r i e d  between 1 2 . 5  and 100 grams. A s  can 
be seen i n  t a b l e  3 ,  very  l i t t l e  r e a c t i o n  occurred  w i t h  12.5 grams of  aluminlin c h l o r i d e  
i n  t h e  charge .  HydrocarSon gas y i e i d s  i n c r e a s e d  s h a r p l y  a s  the  amount of aluminum 
c h l o r i d e  was increased  t o  5 G  grams b u t  remained e s s e n t i a l l y  unchanged w i t h  a f u r t h e r  
i n c r e a s e  t o  100 grams. 

Time a t  tempera ture  w a s  one hour .  The  

Aluminum c h l o r i d e  subl imes  a t  180.2' C. It b o i l s  a t  182.7' C under a p r e s s u r e  
Calcu- of  755  nun of Hg. The form of t h e  vapor  i s  t h e  d imer ,  A L Z C ~ , ,  up t o  440' C .  

l a t i o n s  based on a v a i l a b l e  vapor  p r e s s u r e  d a t a  i n d i c a t e  t h a t  100 grams of aluminum 
c h l o r i d e  would be comple te ly  vaporized a t  240" C i n  a 1 - l i t e r  system. A s  complete 
v a p o r i z a t i o n  could occur  a t  t h e  c o n d i t i o n s  used i n  a l l  experiments  L i s t e d  i n  t a b l e  3 ,  
i t  would appear  t h a t  r e s u l t s  i n  t a b l e  3 show a dependence of  hydrocarbon g a s  y i e l d  on 
t h e  amount of  aluminum c h l o r i d e  i n  t h e  g a s  phase. 
a coal-aluminum c h l o r i d e  complex forms b e f o r e  c a t a l y s i s  o c c u r s ,  and t h a t  t h e  amount 

Howeqer, i t  is a l s o  p o s s i b l e  t h a t  
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TABLE 3.- E f f e c t  o f  A l C 1 3  c o n c e n t r a t i o n  on t h e  d i s t r i b u t i o n  

(50 grams of c o a l ,  4,000 p s i ,  1 hour a t  temperature)  
of p roduc t s  from hvab c o a l  a t  300' C 

o f  complex formed depends upon t h e  amount of aluminum c h l o r i d e  charged (up t o  50 grams). 
The l i t e r a t u r e  i n d i c a t e s  that  t h e  formation of an organo-aluminum c h l o r i d e  complex i s  
a p r e r e q u i s i t e  f o r  c a t a l y s i s  o f  many o r g a n i c  r e a c t i o n s  by aluminum c h l o r i d e .  The com- 
p l e x  i s  appa ren t ly  formed by r e a c t i o n  of aluminum c h l o r i d e  w i t h  u n s a t u r a t e d  organic  
s t r u c t u r e s .  No e f f o r t  w a s  made i n  t h i s  i n v e s t i g a t i o n  t o  determine whether  or not  
complexes o f  c o a l  and aluminum c h l o r i d e  were formed. 

'. 

Conver- Y i e l d s ,  we igh t -pe rcen t  o f  maf c o a l  
A l C 1 3  s i o n ,  Organic Benzene- Hydro- 

grams p e r c e n t  i n s o l s .  o i  1 gases  water gases  

1 2 . 5  4 96 4 1 <1 5 
25.0 11 89 6 5 il 9 
3 7 . 5  25 7 5  11 11 1 11 
50.0 76 24 15 42 0 16 

charged,  weight-  benzene s o l u b l e  carbon Net Acid 

100.0 1 3  2 1  16 40 0 
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TABLE 4.- Distribution of hydrogenation products 
from various feed materials 

(50 grams of feed, 50 grams of AlCl3, 4,000 psi, 1 hour at temperature) 

Yields. weight-uercent of maf charge 
Organic Benzene- Hydro- 

Feed Temp., benzene . soluble carbon Acid 
material O C  insols. oi 1 gases gases 

Anthracite ........ 450 
Hvab coal ......... 450 
Hvcb coal ......... 300 
Hvcb coal .... ;.... 450 
Lignite ........... 300 
Lignite ........... 450 

Hvab coal ......... 300 

High- temp. tar .... 315 
High-temp. tar .... 450 
Low-temp. tar ..... 300 
Low-temp. tar ..... 450 
Petroleum residue . 450 

80 
24 
26 
74 
55 
78 
33 
25 
26 
3 
4 
3 

<1 

<1 
5 
3 

<1 
15 
47 
4 
8 

<1 
1 

15 
24 
42 
68 
10 
2 i  
8 
13 
21 
81 
74 
7 1  
91 

6 
16 
16 
26 
34 
35 
44 
1 
1 
9 
10 - 

are other possible products of the reaction with water. 
water probably approached equilibrium as very little water was recovered in any of 
the experiments. 

In this study, reaction with 

Further evaluation of aluminum chloride as a coal hydrogasification catalyst will 
require additional information concerning the chemical and physical changes the alum- 
inum chloride undergoes during hydrogasification. With this information, an estimate 
of catalyst consumption can be made, catalyst recovery procedures can be devised, and 
the feasibility of operating a continuous system can be assessed. 

SUhWRY 

This investigation has shown that aluminum chloride in liigh concentrations is 
an effective catalyst for hydrogasification of various carbonaceous materials. With 
equal weights of hvab coal and aluminum chloride at 4,000 psi and 450' C for one 
hour, a hydrocarbon gas yield of 68 percent and a benzene-soluble oil yield of less 
than 1 percent are obtained. 
the temperature is decreased. 
appreciable. 
with increasing concentrations of aluminum chloride up to a 1:l ratio with coal. In 
general, the amenability of a carbonaceous material to hydrogasification catalyzed by 
aluminum chloride increases with increasing hydrogen content and with decreasing oxygen 
content of the material. 

The oil yield increases and the gas yield decreases as 
However, the gas yield of 27 percent at 250° C is still 

At 300° C, hydrocarbon gas yields obtained from hvab coal increase sharply 
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Coal Char G a s i f i c a t i o n  i n  an E l e c t r o f l u i d  Reactor 

T. M. Knowlton, A. H. P u l s i f e r ,  and T. 'D .  Wheelock 

Department o f  Chemical Engineering and Engineering Research I n s t i t u t e  
Iowa S t a t e  Un ive r s i ty  

Ames, Iowa 

In t roduc t ion  

The use  o f  an e l e c t r o f l u i d  r e a c t o r  f o r  t he  product ion  o f  s y n t h e s i s  gas from 
coa l  cha r  and steam is being  i n v e s t i g a t e d .  In t h i s  type  of  r e a c t o r  h e a t  i s  sup- 
p l i e d  e l e c t r i c a l l y  by p a s s i n g  c u r r e n t  between e l e c t r o d e s  which a r e  placed i n  a gas- 
f l u i d i z e d  bed of conduct ing  p a r t i c l e s .  Thus, i n  e f f e c t ,  t h e  f l u i d i z e d  bed i s  a 
r e s i s t a n c e  hea te r .  P re l imina ry  experiments have been c a r r i e d  out  i n  a 4-in.-diam, 
bench-scale r e a c t o r .  Some t y p i c a l  r e s u l t s  of  t h e  ba t ch  g a s i f i c a t i o n  runs a r e  
p re sen ted ,  t oge the r  w i t h  informat ion  about the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of  t he  
system and a d i s c u s s i o n  of  problem areas .  

The previous ly  r e p o r t e d  work on the  g a s i f i c a t i o n  o f  carbonaceous m a t e r i a l s  
w i t h  steam is e x t e n s i v e  and s e v e r a l  reviews of t h i s  work a r e  a v a i l a b l e  (27,  23). 
A t  one atmosphere, t h e  pr imary  r e a c t i o n s  are 

(1) 

(2) 

C + H20 = CO + H2 

CO + H 2 0  = C02 + H2. 

The rate of  r e a c t i o n  2,  t h e  water-gas s h i f t  r e a c t i o n ,  is r a p i d  above 1600OF and 
approaches e q u i l i b r i m .  The carbon-steam r e a c t i o n ,  r e a c t i o n  1, goes e s s e n t i a l l y  
t o  completion i f  allowed to  r each  equi l ibr ium.  The steam decomposition v i a  t h i s  
r e a c t i o n ,  t hen ,  depends on the re s idence  t i m e  and r e a c t i o n  rate.  Methane-forming 
r e a c t i o n s  can be  ignored a t  a tmospher ic  p re s su re  s i n c e  t h e  e q u i l i b r i m  cons tan t s  
a r e  extremely small. h 

The carbon-steam r e a c t i o n  is heterogeneous and occurs  by a series of d i f f u s i o n a l  
and chemical s t e p s .  The rate o f  t h e  chemical s t e p s  follow a Langmuir-type r a t e  
equa t ion  of  t h e  form 

k lPH20  
Rate = 

where k l ,  k2, k3 = k i n e t i c  r a t e  cons t an t s  

pH20 = p a r t i a l  p r e s s u r e  of steam 

= p a r t i a i  premeure of hydrogen. 
pH2 

S ince  k l  i nc reases  with i n c r e a s i n g  tempera ture ,  wh i l e  k2 and k3 dec rease ,  t h e  ap-  
pa ren t  o r d e r  of  t h e  r e a c t i o n  w i t h  r e s p e c t  t o  steam v a r i e s  from 0 t o  1 depending 
upon t h e  temperature.  
k2 is l a rge .  

I 

Hydrogen has  a s t r o n g  i n h i b i t i n g  e f f e c t  on t h e  r e a c t i o n  and 

As noted ,  t h e  e l e c t r o f l u i d  r e a c t o r  is an  e l e c t r i c a l l y  hea ted ,  f l u i d i z e d  bed o f  
conducting e o l i d r .  
c a r r y i n g  o u t  r e a c t i o n s  which are favored by h igh  tempera tures ,  r e q u i r e  s u b s t a n t i a l  
energy i n p u t s  and, i n  a d d i t i o n ,  may involve  r e a c t a n t e  t h a t  a r e  co r ros ive  and d i f f i -  
c u l t  t o  conta in .  
energy t o  hea t  w i t h i n  t h e  r e a c t i n g  system. 

It offe- gevera? i m p c r t a t  advantages Over o t h e r  s y s t e m s  f o r  

These advantages  are due t o  t h e  d i r e c t  convers ion  of e l e c t r i c a l  
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Johnson (8) was among t h e  f i r s t  t o  d e s c r i b e  t h e  c h a r a c t e r i s t i c s ’  and p o t e n t i a l  
a p p l i c a t i o n s  of  t h e  e l e c t r o f l u i d  r e a c t o r :  He noted t h a t  Ohm’s Law was obeyed ex- 
cep t  a t  h igh  vo l t ages  where a r c i n g  occurred i n  t h e  bed. 
workers have obta ined  p a t e n t s  on a number of  processes  which u t i l i z e  t h e  e l e c t r o -  
f l u i d  r e a c t o r  (9-15). These inc lude  processes  f o r  t h e  manufacture of  hydrocyanic 
a c i d ,  carbon d i s u l f i d e ,  carbon monoxide and t i t a n i u m  t e t r a c h l o r i d e .  

Johnson and h i s  co- 

The only  r e p o r t  of a coaunerical a p p l i c a t i o n  of an e l e c t r o f l u i d  r e a c t o r  is i n  
a process  t o  produce hydrocyanic ac id .  In  t h i s  process  a bed of coke i s  f lu id i zed  
w i t h  a mixture  o f  armnonia and a hydrocarbon gas. 

Goldberger,  Hanway, and Langston (2)  have r epor t ed  development work on t h e  
e l e c t r o f l u i d  r e a c t o r .  They sugges ted  t h a t  i ts  major p o t e n t i a l  u ses  l i e  i n  1) t he  
m e t a l l u r g i c a l  f i e l d ,  2 )  t h e  chemical i n d u s t r y ,  p a r t i c u l a r l y  i n  o rgan ic  chemical 
p rocess ing ,  and 3) as  a h igh  tempera ture  gas h e a t e r .  They found t h a t  t h e  system 
could be r a p i d l y  hea ted  and had e x c e l l e n t  c o n t r o l  p r o p e r t i e s .  

A number o f  i n v e s t i g a t o r s  have measured f l u i d i z e d  bed r e s i s t i v i t i e s  ( 3 ,  5, 6 ,  
1 7 ,  20). 
conduct ing  p a r t i c l e s .  
f o r  s e t t l e d  beds. I t  pas ses  through a maximum j u s t  a f t e r  t h e  i n c i p i e n t  f l u i d i z a t i o n  
v e l o c i t y  is reached, and then  dec reases  somewhat t o  a f a i r l y  cons t an t  va lue  wi th  

They have concluded t h a t  t h e  c u r r e n t  flows a long  continuous cha ins  of  
The bed r e s i s t i v i t y  inc reases  wi th  inc reas ing  gas  v e l o c i t y  

f u r t h e r  i n c r e a s e  i n  gas flow r a t e .  

Reed and Goldberger (20) s t u d i e d  t h e  r e s i s t a n c e  of  
They found t h a t  t h e  f lu id i zed -bed  behaved as a r e s i s t o r  
r e s i s t a n c e  could be  w r i t t e n  as 

1 R =  p si 
where p = r e s i s t i v i t y  

1 = l eng th  of  c u r r e n t  pa th  

A = c r o s s - s e c t i o n a l  a r e a  of c u r r e n t  pa th .  

a f l u i d i z e d  bed o f  g raph i t e .  
element and t h a t  i t s  

Fac tor6  that  caused break-up o f  p a r t i c l e  c h a i n  l i nkages ,  such  as  v i b r a t i o n  of t he  
bed, were found t o  i n c r e a s e  bed r e s i s t a n c e .  Arcing was observed a t  h igh  c u r r e n t  
d e n s i t i e s ,  g r e a t e r  than  2 amps per  square  inch ,  b u t  d i d  n o t  a f f e c t  t h e  bed 
r e s i s t a n c e .  i n  t h e  range o f  v a r i a b l e s  i n v e s t i g a t e d .  These i n v e s t i g a t o r s  observed 
a d e v i a t i o n  i n  t h e  v o l t a g e  p r o f i l e  nea r  t h e  e l e c t r o d e  and a t t r i b u t e d  t h i s  t o  t h e  
con tac t  r e s i s t a n c e .  This  r e s i s t a n c e  was s t r o n g l y  inf luenced  by t h e  cond i t ion  of 
t h e  e l e c t r o d e  s u r f a c e .  

Apparatus 

The appa ra tus  c o n s i s t e d  e s s e n t i a l l y  of  a ba tch- type ,  f l u id i zed -bed  r e a c t o r  and 
a gas  f eed ing  and r e c y c l e  system. The gas sys tem could supp ly  e i t h e r  steam o r  
n i t r o g e n  or a mixture o f  t h e s e  gases  t o  t h e  r e a c t o r  a t  a measured bu t  manually 
c o n t r o l l e d  rate.  Nitrogen w a s  used f o r  f l u i d i z a t i o n  du r ing  s t a r t - u p  and warm-up 
pe r iods  and i n  experiments where t h e  b a s i c  c h a r a c t e r i s t i c s  o f  t h e  system were 
be ing  i n v e s t i g a t e d .  Steam, o f  course ,  was fed du r ing  the c o a l  cha r  g a s i f i c a t i o n  
experiments.  
allow r e c y c l i n g  o f  t h e  n i t rogen .  

S ince  n i t r o g e n  is r e l a t i v e l y  expens ive ,  a system was cons t ruc t ed  t o  

F igu re  1 shows the  equipment a s soc ia t ed  wi th  t h e  g a s i f i c a t i o n  experiments.  
D i s t i l l e d  water w a 8  fed a t  a cons t an t  r a t e  through a c a l i b r a t e d ,  cons t an t  volume 
Zeni th  gea r  pump. It w a s  vapor ized  i n  a double  p ipe  h e a t  exchanger and t h e  r e -  
s u l t i n g  steam was conducted i n t o  t h e  r e a c t o r .  
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i 
1 m e  r e a c t o r  w a s  made of  4-in.-diam, 446 s t a i n l e s s  s t e e l  p ipe  and is  shown i n  

more d e t a i l  i n  Fig. 2. It was opera ted  a t .a tmospher ic  p re s su re .  The steam 
en te red  t h e  bottom o f  t h e  r e a c t o r  th rough a d i s t r i b u t o r .  
p l a t e  and a capped, s t a i n l e s s  s t e e l  p ipe  w i t h  f o u r  1 /8- in .  ho le s  d r i l l e d  i n  i t  
were used a s  g a s  d i s t r i b u t o r s .  Each of t h e s e  was covered w i t h  a l a y e r  of  ceramic 
p e l l e t s .  
t h e  t o p  of  the column. A s i g h t p o r t  was s i t u a t e d  a t  t h e  t o p  of  t h e  reactor, and a 

Both a porous Alundum 

1 The s team r e a c t e d  w i t h  the carbon i n  the bed and the  o f f - g a s e s  l e f t  a t  

thermocouple w e l l  of Kanthal a l l o y  p r o j e c t e d  i n t o  t h e  bed f r o m  t h e  bottom. I 

The r e a c t o r  w a l l  s e rved  as one e l e c t r o d e  f o r  i n t e r n a l l y  hea ted  runs  and was 

I grounded. 
r e a c t o r  and extended 12 i n .  i n t o  t h e  un f lu id i zed  bed. It was cen te red  i n  t h e  
r e a c t o r  by a tube  whose i n s i d e  d iameter  was only s l i g h t l y  g r e a t e r  t han  t h e  ou t s ide  
d iameter  of  t he  e l e c t r o d e .  This o u t s i d e  tube  extended about 2 f t  i n t o  t h e  r eac to r .  

The o t h e r  e l e c t r o d e  en te red  t h e  bed through t h e  top  cover p l a t e  o f  t h e  

' 

i An e x t e r n a l  fu rnace  was  provided t o  keep t h e  o u t s i d e  w a l l  o f  t h e  r e a c t o r  a t  

elements and a s s o c i a t e d  i n s u l a t i n g  materials were used t o  c o n s t r u c t  t h e  e x t e r n a l  
furnace .  

t h e  temperature of t he  bed so as t o  minimize hea t  l o s ses .  Kanthal t u b u l a r  furnace I 

I 
h i g h  
were 

I The o f f - g a s e s  from t h e  r e a c t o r  f i r s t  passed through a P a l l  Corpora t ion  
tempera ture ,  s i n t e r e d ,  s t a i n l e s s  s tee l  f i l t e r  where any e n t r a i n e d  p a r t i c l e s  
removed. They were then  cooled to about 50°F i n  a double p ipe  h e a t  exchanger 

and any en t r a ined  moi s tu re  w a s  removed i n  a knockout drum. 
metered i n  a d r y  gas meter and vented t o  the atmosphere through a compressed a i r  
e j e c t o r .  

The gases  were then  , I 
I 

I 
Samples of t h e  o f f - g a s e s  were withdrawn a f t e r  t h e  knockout drum and analyzed 

i n  a gas  chromatograph. 
gases  a t  t h i s  po in t .  

P rov i s ion  was also made t o  t a k e  t h e  dew p o i n t  of  t h e  , 

A v a r i a b l e  v o l t a g e  t r ans fo rmer  was  used t o  manually c o n t r o l  t h e  vo l t age ,  and 
hence t h e  temperature,  in  t h e  r e a c t o r .  An i s o l a t i o n  t r ans fo rmer  was i n s t a l l e d  i n  
t h e  l i n e  between t h e  incoming power and t h e  Variac. This  allowed t h e  r e a c t o r  w a l l  
t o  be  grounded. 

1 

Materials 

' b o  d i f f e r e n t  c o a l  c h a r s  were used du r ing  th i s  s tudy .  F ive  runs were conducted 
u s i n g  a Rock Spr ings  coal c h a r  supp l i ed  by t h e  FMC Corpora t ion  from its COED pro- 
cess (18). Ihe o r i g i n a l  c o a l  came from t h e  Rainbow No. 7 Mine o f  t h e  Gunn-Quealy 
Coal Company, and w a s  p rocessed  i n  a m u l t i s t a g e  f lu id i zed -bed  p y r o l y s i s  system 
us ing  fou r  l e v e l s  of t empera ture ,  600, 860, 990 and 1600OF. Three runs were made 
w i t h  a cha r  produced from a P i t t s b u t g h s e s m ,  h igh  v o l a t i l e  bituminous coal. This 
material was supp l i ed  by  t h e  Institute of Gae Technology and w a s  a h y d r o g a s i f i e r  
r e s i d u e .  

An a n a l y s i s  of the chars is  shown i n  Table  I and Table I1 shows t h e  weight-size 
d i s t r i b u t i o n  of t he  t w o  cha r s .  The minimum f l u i d i z i n g  v e l o c i t y  o f  the FMC cha r  
between 1500 and 20000F w a s  about 0.0015 lb/min (0.024 f t / s e c )  o f  steam, while fo r  
t h e  IGT char a t  1600°F i t  w a s  0.0026 lb/min (0.0415 f t l s e c ) .  

Procedure 

The first charged v i t h  c o a l  char.  A s e t t l e d  bed he igh t  of about 
20 i n .  w a s  used. 
e x t e r n a l  Kanthal h e a t e r s .  
system. 

The r e a c t o r  w a s  hea ted  to  t h e  d e s i r e d  tempera ture  u s i n g  the 
During t h i s  t i m e ,  n i t r o g e n  was c i r c u l a t e d  through the 

When t h e  bed tempera ture  reached t h e  d e s i r e d  l e v e l ,  c u r r e n t  w a s  allowed 

J 
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Table I. Analysis of  coa l  chars .  

Proximate a n a l y s i s ,  u t  % FMCchar IGT cha r  

1.6 Moisture 
V o l a t i l e  m a t t e r  I 4.0 2.9 

.Fixed carbon 89.8 79.1 
Ash 6.2 16.4 

Ul t imate  a n a l y s i s ,  w t  % 

- 

Carbon 88.0 79.6 

Nitrogen 1.6 0.46 
S u l f u r  0.8 1.42 
Oxygen 2.4 0.66 
Ash 6.2 . 16.65 

Hydrogen 1.0 1 . 2 1  

Aah t o  carbon r a t i o  0.071 0.209 

Surface  a r e a  

Sq mete r s /g  40.0 500.0 

(a)Proximate a n a l y s i s  on d ry  b a s i s .  , 
Table 11. D i f f e r e n t i a l  s c r e e n  

a n a l y s i s  of chars .  

Ty le r  
mesh 

ut  % 
FMC IGT 

B i z e  cha r  char  

Grea te r  
than  20 5.3 
20128 12.6 
28/35 12.2 
35/48 16.4 
48/65 16.6 
65/100 15.4 
1001 150 11.3 
150/200 6.1 
Less t h a n  
200 3.6 

15.8 
22.4 
21.0 
15.3 
12.4 
7.9 
2.4 
2.4 

0.5 

to  flow through t h e  r e a c t o r .  The power t o  , t he  e x t e r n a l  h e a t e r s  w a s  t hen  reduced 
' to  a low l eve l .  Af t e r  t h e  temperaturebof t h e  bed had s t a b i l i z e d ,  the  v e n t  l i n e  was 
i opened a d  the  p r e s s u r e  a t  t h e  o u t l e t  of t h e  r e a c t o r  w a s  ad jus t ed  so t h a t  i t  was 
' s l i g h t l y  less than  atmospheric.  The steam flow w a s  then  s t a r t e d .  During t h e  course 

of  t h e  run, the  e x t e r n a l  h e a t e r s  were ad jus t ed  to  hold the  w a l l  o f  t h e  r e a c t o r  a t  a 
t empera ture  nea r  t h a t  of t he  bed. 
f i c a n t  h e a t  l o s s e s  f r o m  t h e  r e a c t o r .  

It was hoped t h a t  t h i s  would prevent  any signi- 

0 
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During a run, t h e  bed tempera ture ,  t he  o f f -gas  flow r a t e ,  and the  steam flow 
r a t e  were recorded. The bed temperature was  measured by t h e  thermocouple i n  the 
bed, whi le  the  steam flow r a t e  was c a l c u l a t e d  from t h e  speed of  t h e  gear  pump. 
The average o f f -gas  flow r a t e  was c a l c u l a t e d  from t h e  amount of gas pass ing  through 
a d ry  t e s t  m e t e r  i n  a known per iod  of t ime.  This  r a t e  d id  nnt inc lude  any un- 
r eac t ed  steam as t h i s  was removed from t h e  system be fo re  t h e  meter.  The of f -gas  
was analyzed w i t h  t h e  o n - l i n e  chromatograph. 

The c u r r e n t ,  v o l t a g e ,  and power suppl ied  t o  the r e a c t o r  were a l s o  noted. The 
vo l t age  and power were measured d i r e c t l y  on t h e  appropr i a t e  type  of  e l e c t r i c a l  
meter.  The cu r ren t  v a r i e d  i n  a r ap id  and e r r a t i c  manner due t o  v a r i a t i o n s  i n  the 
bed dens i ty .  The re fo re ,  t h e  c u r r e n t  was c a l c u l a t e d  us ing  t h e  measured vol tage  and 
power. 

Resu 1 e s 

Some r e s u l t s  of  a t y p i c a l  run  which u t i l i z e d  f l u i d i z e d  ,bed r e s i s t a n c e  hea t ing  
a r e  shown i n  F igs .  3 and 4. This  run  was made a t  1700°F wi th  FMC char .  The o f f -  
gas flow r a t e  and composition remained e s s e n t i a l l y  cons t an t  du r ing  most o f  t he  
run .  This  was the  case  i n  a l l  runs, even those  i n  which a l l  of t he  steam was not 
r eac t ing .  Af t e r  85 t o  90 pe rcen t  of t he  o r i g i n a l  carbon had r e a c t e d ,  the  off-gas 
r a t e  began t o  dec rease .  The amount of carbon d iox ide  and hydrogen i n  the  gas began 
t o  inc rease  a t  t h i s  p o i n t ,  whi le  t he  percentage  o f  carbon monoxide decreased .  The 
percent  o f  carbon g a s i f i e d ,  then ,  increased  a t  a cons t an t  r a t e  dur ing  most of  t h e  
run. 

The r e s i s t a n c e ,  c u r r e n t  and vo l t age  remained cons tan t  f o r  a time a f t e r  the 
s ta r t  of the run ,  a s  shown i n  Fig.  4.  Even tua l ly  the  r e s i s t a n c e  of t h e  bed began 
t o  inc rease ,  n e c e s s i t a t i n g  an inc rease  i n  thc  vo l t age  app l i ed  t o  t h e  bed and causing 
a dec rease  i n  t h e  c u r r e n t  flow. The power inpu t  was f a i r l y  cons tan t  throughout the 
run .  ?he t rends  e x h i b i t e d  i n  Fig.  4 a re  t y p i c a l  of t h e  d a t a  c o l l e c t e d  i n  a l l  of 
t h e  runs.  However, t h e  r e s i s t a n c e  o f  t h e  bed began t o  inc rease  e a r l i e r  i n  the  
runs  made with ICT cha r  than  i n  those  made wi th  FMC cha r .  

Table  I11 summarizes t h e  i n t e r n a l l y  hea ted  runs .  Column 1 lists the  e i g h t  
runs and column 2 shows the  type  of  char  uscd. The o p e r a t i o n  of t he  e l e c t r o f l u i d  
r e a c t o r  w a s  i n v e s t i g a t e d  a t  va r ious  tempera tures  and s e v e r a l  steam flow r a t e s  and 
t h e s e  a r e  shown i n  columns 3 and 4 .  As noted p rev ious ly ,  t h e  r e a c t o r  was operated 
i n  a batch-wise manner and t h e  number of hours of ope ra t ion  a r e  shown i n  the  next 
column. Five e l e c t r o d e  m a t e r i a l s  were t e s t e d ,  and t h e s e  appear i n  column 6 .  

Column 7 shows t h e  m u n t  of char  charged t o  the  r e a c t o r .  An i n i t i a l  bed 
he igh t  o f  20 in. was used i n  each run  and t h i s  was obta ined  by us ing  e i t h e r  2000 g 
o f  FMC c h a r  o r  1000 g o f  IGT char .  
l e f t  in t h e  r e a c t o r  and f i l t e r  a f t e r  the  r u n ,  and i ts  carbon composition. The char 
i n  the f i l t e r  is m a t e r i a l  t h a t  was en t r a ined  in t h e  o f f -gas  du r ing  the  course of  
t h e  run. 
f i n e s  from the o r i g i n a l  charge .  
o r i g i n a l  carbon t h a t  was g a s i f i e d .  This was c a l c u l a t e d  from t h e  r e s u l t s  i n  the  
prev ious  f i v e  columns . 

The next  four  columns g ive  the  amount of char 

It con ta ins  a f a i r l y  h igh  percentaee  of  carbon and appa ren t ly  is mostly 
In  the  next  column is  r epor t ed  the  percent  of the 

Column 13 shows t h e  t o t a l  amount of water  removed from the  o f f -gas  i n  t h e  knock- 
o u t  d r u m  dur ing  t h e  cour se  o f  t he  run .  . T h i s  was e s s e n t i a l l y  a l l  of t h e  unreacted 
wa te r  s i n c e  the gases  con ta ined  very l i t t l e  vc?ter vapor beyond t h i s  po in t .  The 
average f r a c t i o n  of  t h e  e n t e r i n g  wa te r  be ing  converted i n  t h e  r e a c t o r  i s  reported 
i n  column 14. 
of f -gas  r a t e  wae r e l a t i v e l y  cons t an t  ( see  F i e .  3 ) .  

The va lue  l i s t e d  was measured du r ing  t h e  p o r t i o n  of t he  run when the 
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Table  111. Summary o f  i n t e r n a l l y  hea ted  runs. 

Steam Char r e s idue  
Reactor F i l t e r  1 Source Bed flow Char 3 Run Of , temp r a t e  Hours E lec t rode  charged w t  w t  % W t  w t  % 

number char  (OF) ( lb /min)  r a n  m a t e r i a l  (9) (9) (C) (g) (0 

10 
11 
9 

13 
7 

24 
25 
28 

FMC 
FMC 
FMC 
FMC 
FMC 
IGT 
IGT 
IGT 

1500 
1600 
1700 
1900 
1960 
1600 
1600 
1600 

0.0085 
0.0085 
0.0085 
0.0085 
0.0085 
0.0245 
0.0245 
0.0245 

10.5 
7.5 
9.8 
8.0 
9.8 
6.3 
8.0 
6.0 

Carbon 
Copper 
Carbon 
Tungs t e n  
Carbon 
Carbon 
Tantalum 
Molybdenum 

2044 
1917 
1967 
2000 
2136 
1000 
1000 
1000 

1433 
12 32 
191 
2 34 
205 
456 
320 
459 

88.7 27 79.8 
89.8 20 89.4 
58.5 114 88.1 
59.9 123 71.8 
52.0 158 90.0 
59.0 42 61.7 
44.0 76 69.2 
62.6 50 78.2 

Avg f r a c t i o n  Avg Avg of f -gas  
of Off-gas o f f -gas  composition 

produced r a t e  (vol %) 
Carbon H20 

gas  i f  i ed  condensed H20 
GO co2 H2 (%I (g)  converted (SCF) (S CF/min) 

27 
33 
88 
87 
87 
62 

\\ 75 
58 

1514 
676 
156 
0 
0 

2763 
3562 
1467 

0.34 
0.60 
1.00 
1.00 
1.00 
0.25 
0.27 
0.65 

90.2 
85.7 
222.0 
220.5 
240;5 
74.1 
85.2 
39.2 

0.12 
0.19 
0.41 
0.39 
0.43 
0.19 
0.11 
0.11 

57 15 23 
59 20 19 
53 46 1 
54 41 1 
54 45 1 
57 17 26 
57 30 11 
58 23 16 

The t o t a l  o f f -gas  produced du r ing  t h e  run ,  exc luding  any unreac ted  water ,  and 
the  average  r a t e  o f  product ion  o f  of f -gas  a r e  shown i n  t h e  next  two columns. The , average o f f -gas  ra te  is t h e  r a t e  du r ing  t h e  pe r iod  when i t  was r e l a t i v e l y  cons tan t .  

, The average composition o f  t h e  o f f -gas  is  shown i n  t h e  l a s t  t h r e e  columns. Again, 
1 t h i s  i s  t h e  composition du r ing  t h e  time when t h e  o f f - g a s  r a t e  was cons t an t .  As can 
, be s e e n ,  t h e  o f f -gas  w a s  g e n e r a l l y  50 t o  60 percen t  hydrogen. A t  15000F the re  were 

equa l  amounts of carbon monoxide and carbon d i o x i d e  p re sen t .  As t h e  tempera ture  
w a s  increased ,  t h e  concen t r a t ion  of carbon d iox ide  i n  t h e  of f -gas  decreased ,  and 

' above 17000F the  o f f -gas  conta ined  less than one pe rcen t  C02. The gas a l s o  con- - t a i n e d  ve ry  small amounts of methane and n i t rogen  which a r e  not shown i n  the Table.  

The energy l o s s e s  from t h e  r e a c t o r  were l a r g e  d e s p i t e  the  f a c t  t h a t  the 
e x t e r n a l  h e a t e r s  were used. The energy supp l i ed  t o  the  r e a c t o r  v i a  i n t e r n a l  hea t ing  
was 4 t o  8 times t h e  amount r equ i r ed  by the  r e a c t i o n  and t h a t  needed t o  hea t  t h e  
steam t o  t h e  r e a c t o r  temperature.  

Discuss ion  of Resu l t s  

! Rate o f  Reaction 

Both the FMC and IGT cha r s  gave about t he  same o f f - g a s  r a t e  a t  16000F. This 
i n d i c a t e s  t h a t  they  a r e  about equa l ly  r e a c t i v e  s i n c e  the  o f f -gas  r a t e  is an i n d i c a t i o n  

I 
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of t h e  r e a c t i o n  r a t e  i n  runs i n  which a l l  of t h e  steam is not consumed.. Also, s ince  
t h e  o f f -gas  r a t e  was f a i r l y  cons t an t  throughout a l l  t h e  runs ,  t he  r e a c t i o n  r a t e  ap- 
p a r e n t l y  increased  w i t h  carbon burn-off f o r  bo th  chars .  
run  24 bea r  t h i s  out.  

The d a t a  shown below frm 

S p e c i f i c  g a s i f i c a t i o n  
r a t e  

1 Carbon burn-of f l b  C g a s i f i e d l h r  
(x) ( l b  C i n  bed 

7.6 - 

19.2 
29.7 
39.2 
48.1 
57.1 

0.12 
0.12 
0.14 
0.15 
0.17 
0.21 

I 

Other  i n v e s t i g a t o r s  have  r e p o r t e d  a similar i n c r e a s e  i n  s p e c i f i c  g a s i f i c a t i o n  r a t e  
w i t h  carbon burn-off ( 4 ,  16 ) .  

The g a s i f i c a t i o n  rates f o r  t h e  FMC and IGT cha r s  a r e  similar t o  those  found i n  
o t h e r  s t u d i e s  where a l o w  tempera ture  char  w a s  g a s i f i e d  i n  a f l u i d i z e d  bed. May, - e t  a l .  (19), ob ta ined  g a s i f i c a t i o n  r a t e s  a t  1600°F between 0.05 and 0.12 l b s  of 
carbon p e r  hour per  l b  o f  carbon i n  the  bed, wh i l e  Goring, et. (4 ) ,  r epor t ed  
va lues  between 0.07 and 0.10. 

To determine i f  t h e  passage  of e l e c t r i c  c u r r e n t  through t h e  bed .a f f ec t ed  the  
r e a c t i o n  rate, and hence o f f -gas  rate, a few runs  were made w i t h  e x t e r n a l  hea t ing  
a lone .  These runs  are srmrmarized i n  Table I V  a long  w i t h  t h e  appropr i a t e  i n t e r n a l l y  
hea ted  runs .  The d a t a  i n d i c a t e  t h a t  any e f f e c t  o f  i n t e r n a l  hea t ing  w a s  smal l  as 
t h e  v a r i a t i o n s  between run8  at t h e  same c o n d i t i o n s ,  except  f o r  method of  hea t ing ,  
were of t h e  o r d e r  o f  20 t o  30 pe rcen t .  These v a r i a t i o n s  a r e  similar t o  those  
found between runs  u s i n g  t h e  same hea t ing  method and a r e  w i t h i n  exper imenta l  e r ro r .  

Table I V .  Comparison o f  e x t e r n a l l y  and i n t e r n a l l y  heated runs.  

Steam Average 
Type Bed flow Char t o  Carbon Off-gas of f -gas  

Run o f  temp r a t e  Hours bed g a s i f i e d  produced r a t e  
no. hea t ing  (OF) (lb/min) r an  (9) ( X )  (SCF) (SCF/min) 

10 
15 
11 
1 7  
24 
25 
28 
26 

Im 
EXT 
INT 
EXT 
INT 
INT 
IHT 
EXT 

1500 
1500 
1600 
1600 
1600 
1600 
1600 
1600 

0.0085 
0.0085 
0.0085 
0.0085 
0.0245 
0.0245 
0.0245 
0.0245 

10.5 
51.5 

7.5 
22.0 

6.3 
8.0 
6.0 
a. 3 

2 0 G  
2009 
1917 
2005 
1000 
1000 
1000 
1000 

27 
74 
33  
9 1  
62 
7 5  
58 
51 

90.2 0.i2 
255.5 0.10 

85.7 0.19 
289.5 0.23 

74.1 0.19 
85.2 0 .11  
39.2 0.11 
40.6 0.09 
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E l e c t r i c a l  P r o p e r t i e s  

AS noted ,  t h e  r e s i s t a n c e ,  c u r r e n t  and v o l t a g e  remained cons t an t  f o r  a t i m e  a f t e r  
t h e  start  o f  each run. During t h i s  t ime, t he  r e s i s t a n c e  between t h e  c e n t e r  e l e c t r o d e  
and t h e  wall  was about 3 ohms. It then  began t o  i n c r e a s e  s lowly  and reached a 
va lue  between 8 and 10 ohms near  the  end o f  t h e  run. This i n c r e a s e  i n  bed r e s i s t a n c e  
was probably caused both by an inc rease  i n  t h e  r e s i s t i v i t y  of t he  bed m a t e r i a l  as 
t h e  carbon content  of  the  p a r t i c l e s  was d e p l e t e d ,  and by a dec rease  i n  bed he igh t .  
(This dec rease  i n  he igh t  decreased  the  con tac t  a r e a  between t h e  e l e c t r o d e  and bed.) 
As t h e  r e s i s t a n c e  of  t he  bed inc reased ,  t h e  c u r r e n t  f lowing through t h e  bed de- 
c reased .  Therefore ,  t o  ma in ta in  a cons t an t  power i n p u t  t o  t h e  r e a c t o r ,  t h e  v o l t a g e  
had t o  be increased .  The d a t a  do show t h a t  t h e  power inpu t  t o  t h e  r e a c t o r  was 
f a i r l y  cons tan t .  I n  some of  t h e  runs ,  t h e  power r e q u i r e d  decreased  l a t e  i n  t h e  run 
as  t h e  r e a c t i o n  r a t e  decreased .  The r e s i s t a n c e  a l s o  inc reased  a t  t h i s  po in t  t o  a 
va lue  nea r  30 ohms. 

The behavior  of  t he  bed r e s i s t a n c e  d u r i n g  t h e  runs  resembled the v a r i a t i o n  of 
bed r e s i s t a n c e  measured as a nonconductor i s  added t o  a bed of conduct ing  m a t e r i a l  
(1, 21). In  t h i s  l a t t e r  ca se ,  f l u i d i z e d  beds con ta in ing  50 pe rcen t  o r  more o f  non- 
conducting m a t e r i a l  had t o  be prepared before  the  r e s i s t a n c e  of  t h e  o r i g i n a l  g raph i t e  
bed was g r e a t l y  increased .  Concent ra t ions  of nonconducting m a t e r i a l  g r e a t e r  than  
50 percent  caused the  bed r e s i s t a n c e  t o  i n c r e a s e  r a p i d l y  and n o n l i n e a r l y .  

The inc reas ing  concen t r a t ion  of t h e  nonconducting ash ,  then ,  is one of t h e  
causes o f .  t h e  r i s e  i n  t h e  f l u i d i z e d  bed r e s i s t a n c e .  However, t h e r e  is a l a rge  
v a r i a t i o n  between runs  i n  t h e  a sh  t o  carbon r a t i o  i n  t h e  bed a t  t h e  p o i n t  t h a t  the 
bed r e s i s t a n c e  began t o  i n c r e a s e  ( see  Table  V). (The i n c r e a s e  r e f e r r e d  t o  h e r e  
occurred a t  about 410 minutes f o r  run  9 . )  

Table V. Ash t o  carbon r a t i o s  a t  
t i m e  t h a t  bed r e s i s t a n c e  
began t o  inc rease .  

Carbon Ash t o  
burn- o f f  carbon 

Run (%I r a t i o  i n  bed 

7 54 0.16 
9 66 0.23 

11 23 0.09 
1 3  66 0.13 
24 29 0.29 
25 31 0.30 
28 1 7  0.25 

Examination of  t he  c u r r e n t  and v o l t a g e  p l o t s  i n d i c a t e  t h a t  t h e  power f a c t o r  f o r  
t he  system was nea r  one. 
t o  f l u c t u a t e  r a p i d l y ,  no d i f f i c u l t i e s  were experienced i n  c o n t r o l l i n g  the  power sup- 
p l i e d  t o  t h e  r e a c t o r .  This meant t h a t  t h e  tempera ture  o f  t h e  r e a c t o r  w a s  he ld  

It should a l s o  be noted t h a t  a l though t h e  c u r r e n t  tended 

1 q u i t e  conr t an t .  

, '  Elec t rode  M a t e r i a l s  

I S i x  d i f f e r e n t  e l e c t r o d e  m a t e r i a l s  (0.5 i n .  d i m )  were t r i e d  du r ing  t h e  course 
o f  t h e  s tudy .  
shown are: 

Figure 5 shows some of t h e  e l e c t r o d e s  used w i t h  t h e  FMC char .  Those 

I 
I 
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Elec t rode  A: 446 s t a i n l e s s  s t e e l  p i p e ,  used a t  19000F f o r  1 .5  h r s .  The end 
mel ted  o f f .  

E lec t rode  E:  Copper p i p e ,  used a t  1600OF f o r  2.7 h r s .  The p ipe  corroded i 
badly  and f i n a l l y  mel ted.  

E l e c t r o d e  C :  Carbon rod ,  used a t  1960OF f o r  10 h r s  ( run 7 ) .  The a t t a c k  on the 
rod w a s  s l i g h t .  However, a l l  t h e  steam was be ing  reac ted  i n  t h i s  
run. 

E l e c t r o d e  D: Tungsten r o d ,  used a t  1900°F f o r  8 h r s  ( run 13). This  e lec t rode  , 
I w a s  n o t  a t tacked .  However, 100 percent  of  the  s team vas  be ing  

conver ted .  
1 

I Figure  6 shows t h r e e  e l e c t r o d e s  used i n  i n t e r n a l l y  heated beds of  Im char .  
The e l e c t r o d e s ,  from t o p  t o  bot tom, are tantalum, carbon and molybdenum rods.  Each 
of  t h e s e  rods were used  i n  r u n s  a t  1600OF f o r  between 6 and 8 h r s  ( r u n s  24, 25 and 
28) .  

I 

1 
I Both t h e  t a n t a l u m  and carbon rods were s e v e r e l y  a t t a c k e d  and each  s u f f e r e d  

about a 2 5  percent  weight  loss. The molybdenum rod d i d  not  l o s e  any weight. 
! 

A rough c o a t i n g  was formed on t h e  e l e c t r o d e s  used wi th  t h e  IGT char .  This 
can be s e e n  on t h e  carbon and molybdenum rods in Fig.  6 .  
a t  l e a s t  p a r t l y  ashy m a t e r i a l  and d i d  not  form when FMC char  w a s  used. Presumably 
t h e  h i g h e r  ash c o n t e n t  o f  t h e  IGT c h a r  accounts  for  t h e  formation o f  t h e  coa t ing .  
A second run  was made w i t h  t h e  molybdenum rod a t  the  same condi t ions .  The o v e r a l l  
r e s i s t a n c e  between t h e  e l e c t r o d e s  d i d  n o t  change and, d e s p i t e  t h e  c o a t i n g ,  no d i f -  
f i c u l t i e s  were encountered  i n  u s i n g  the  rod .  

This  c o a t i n g  appears t o  be 
{ 
I 

I 

1 

The copper and s t a i n l e s s  s t e e l  p ipes  ( e l e c t r o d e s  A and B in F i g .  5) bo th  
melted a t  bed tempera tures  w e l l  below t h e i r  m e l t i n g  p o i n t s .  Evident ly ,  the  
e l e c t r o d e s  were a t  l e a s t  s e v e r a l  hundred degrees  h o t t e r  than t h e  bed. The tempera- 

power i n p u t  t o  t h e  r e a c t o r  and gas  flow r a t e  and t h e  r e s u l t s  are shown i n  Fig.  7. 
The e l e c t r o d e  temperature  w a s  measured w i t h  a s h i e l d e d  thermocouple which was in- 
s e r t e d  i n t o  the %-in .  s t a i n l e s s  s t e e l  p i p e  t h a t  se rved  as t h e  e l e c t r o d e  dur ing  t h i s  
run.  Ceramic i n s u l a t o r s  were p laced  between the  thermocouple and t h e  e l e c t r o d e .  I 
The bed temperature  w a s  h e l d  c o n s t a n t  a t  1500°F d u r i n g  t h e  run  and was f l u i d i z e d  
w i t h  n i t r o g e n .  I 

I 

The temperature  d i f f e r e n c e  increased  w i t h  power i n p u t  a lmost  l i n e a r l y  between 4 
0 and 4 k i l o w a t t s .  I 
t h e  temperature  d i f f e r e n c e .  The e x a c t  reason  f o r  the  temperature  d i f f e r e n c e  i s  as 
y e t  unknown. I 

t u r e  d i f f e r e n c e  between t h e  e l e c t r o d e  and bed w a s  measured as a func t ion  of  t h e  1 

The g a s  v e l o c i t y  d i d  n o t  seem t o  have a s i g n i f i c a n t  e f f e c t  on 

Conclusions and Future  Work 

The i n v e s t i g a t i o n  t o  d a t e  has  shown t h a t  it is  t e c h n i c a l l y  f e a s i b l e  t o  g a s i f y  
c o a l  c h a r  wi th  s team i n  an e l e c t r o f l u i d  bed r e a c t o r .  The product ion  r a t e  of s y n t h e s i s  i 
gas was h igh  and o p e r a t i n g  tempera tures  i n  the  range o f  1600 t o  18000F seem f e a s i b l e .  l 
The r e s i s t a n c e  o f  t h e  f l u i d i z e d  bed o f  c o a l  char  allowed use  of  reasonable  applied 
v o l t a g e s  and tempera ture  c o n t r o l  of  t h e  r e a c t o r  was n o t  a problem. 

The i n v e s t i g a t i o n  i s  be ing  cont inued and a lZ-in.-diam, cont inuous r e a c t o r  i s  
beinn C~n~'".̂ ....A - L Y - . C C U  c- L V  L U L L I I C L -  C..-..L s t u d y  and develop  t h e  process .  This  r e a c t o r  w i l l  be 
32 i n .  h i g h  and w i l l  o p e r a t e  a t  tempera tures  approaching 2000OF. 
be fed to  the  r e a c t o r  w i t h  a Vibrascrew f e e d e r  and s o l i d s  w i l l  b e  removed from the 
bottom of  the  bed a n d / o r  through an overf low tube.  
t h i s  r e a c t o r  w i l l  be s imilar  t o  t h e  one p r e v i o u s l y  used, a l though another  arrangement 
may be used a t  a l a t e r  d a t e .  During o p e r a t i o n  o f  the cont inuous r e a c t o r ,  a t t e n t i o n  

Coal char  w i l l  

The e l e c t r o d e  arrangement i n  
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w i l l  a l s o  be g iven  t o  methods of power c o n t r o l  and t o  the  development' o f  s u i t a b l e  
e l e c t r o d e s .  
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KIhXTICS OF LIGNITE CMe GASIFICATION 

- ITS REWTIQN TO ?E F02 ACCEPTOR PRWESS 

G .  P .  Curran,  C, E., Fink? and EyeTett G o r l n  

Resea~c4 Dlvls ion  
Consol ida t ion  Coal Compaqy 

Library ,  Pennsylvania  15129 

INTRODUCTION - .  . I  

The b a s i c  f e a t u r e s  o f  t h e  CO, acceptor  gasification processhave  been descr ibed  
i n  a series of  r e c e n t  p u b l l c a t i o n s .  
hea t  and material ba lances  p r e s e n t e d ,  (1,'~~) and the o p e r a t i n g  1lmitatLons ,of t h e  
p r o c e s s  a s  determined by t h e  thermodynamic p r o p e r t i e s  of i n d i v i d u a l  r e a c t l o n s  of 
importance were discusse,d.( ' )  A more d e t a i l e d  d i s c u s s i o n  of t h e  p r o p e r t i e s  of dqlomite 
and l imes tone  based a c c e p t o r s  as d i c t a t e d  by t h e  needs of t h e  p r o c e s s  was presented  i n  
a more recent  p ~ b l i c a t i o n . ( ~ )  

The g e n e r a l  n?ture  of t h e  p r p c e s s  ivas descr ibed ' 

Due t o  thermodynamic l i m i t a t i o n s  of t h e  acceptor  r e a c t i o n s ,  t h e  maximum permis- 
s i b l e  temperatures  and p r e s s u r e s  f o r  operation of th@ F a s i f l e r  are ? p r o x i m a t e l y  1670'F 
and 380 p s i a ,  r e s p e c t i v e l y ,  I n  g e n e r a l ,  i t  is  d e s i r a b l e  t o  o p e r a t e  t h e  p r o c e s s  below 
t h e s e  extreme l i m i t s .  

The k i n e t i c s  of t h e  g a s l f i c a t l o n  of c h a r s  from P i t t s b u r g h  Seam bituminous c o a l s  
had been s t u d i e d  i n  some d e t a i l  p r e v i o u s l y . ( 5 )  
l i k e l y  adequate  f o r  o p e r a t i o n  of  t h e  GO, acceptor  p r o c e s s  wi th  bituminous c o a l  chars  
provided  p a r t i a l  g a s i f i c a t i o n  1s p r a c t i c e d  w i t h  low s u l f u r  b o i l e r  f u e l ( 6 )  a s  a byproduct: 
The g a s i f i c a t i o n  rates are, however, inadequate  fQr t o t a l . g a s i f i c a t i o n  of bituminous 

The g a s i f i c a t i o n  rates obta lned  a r e  

I 
c o a l  c h a r s .  

The emphasis on t h e  development of t h e  CO, a c c e p t o r  process  has ,  t h e r e f o r e ,  been 
on t h e  use of lower rank  Western c o a l s ,  and i n  p a r t i c u l a r  l i g n i t e  chars ,  because t h e i r  
known h igher  r e a c t i v i t y  makes them more s u i t a b l e  f o r  t h e  p r o c e s s .  

The experimental  t echniques  and methods of process ing  t h e  d a t a  w i l l  be only b r i e f l y  
descr ibed  h e r e .  F u l l  d e t a i l s  w i l l  be  a v a i l a b l e  i n  a r e p o r t  t o  b e  submit ted t o  the 
O f f i c e  of Coal  Research i n  t h e  n e a r  f u t u r e .  

ExDerimental and C a l c u l a t i o n a l  Procedures  

I n t e g r a l  Batch K i n e t i c s  

The da ta .were  o b t a i n e d  i n  a f l u i d i z e d  bed u n i t  which was o p e r a t e d  batchwise with 
r e s p e c t  to s o l i d s  and c o n t i n u o u s l y  w i t h  r e s p e c t  t o  t h e  g a s  f e e d ,  The u n i t  i s  ' i l l u s -  

' t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  1. 

1050'F a t  a tmospheric  p r e s s u r e .  
f l u i d i z e d  bed i n  H, a t  l4OQ'F for ?.ne hour a t  atmospheflc p r e s s u r e ,  

a s h .  
a r e  g iven  i n  Table  I a .  

Char feeds tocks  were prepa red  by carboniz ing  t h e  raw, d r i e d  l i g n i t e s  i n  N, a t  
The chars  were d e v o l a t i l l z e t l  f u r t h e r  by h e a t i n g  i n  a 

, merit a l s o  c a l c i n e d  t h e  CaCO, and reduced t h e  i r o n  co,mpounds which were pre.?ent i n  the  
The l a t t e r  t r e a f -  

lyses  of t h e  prepared l i g n i t e  chars  The 35 x 65 mesh s i z c  f r a c t i o n  was used .  

Most of t h e  ' runs were made w i t h  one of t,wo i n i t i a !  char bed weights of e i t h e r  ?of 
10 prams. The c h a r  was 111ixcd w i t h  2CG x 325 ,q?sh CqseG p e r i c i $ s e  i n  ,order t o  h o l d  a 
n e a r l y  c o n s t a n t  f l u i d i z e d  bed he ight  of 2rl/2 inches ,  r e g a r d l e s s  of t h e  i n i t i a l  char 
weight  or burnoff l eve l .  
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The reactor c o n s i s t e d  of a 7" x 1" I.D. T y p e  310 s t a i n l e s s  steel th in-wal led  tube  

Ni t rogen  was used as p res su re  
having a Conical s ea l ed  end. The r e a c t o r  wi th  its hea t ing  elements and i n s u l a t i o n  
was con ta ined  w i t h i n  a p r e s s u r i z e d  o n e - l i t e r  au toc lave .  
ba lanc ing  gas .  

The tempera ture  c o n t r o l  p o i n t  was a c a l i b r a t e d  thermocouple conta ined  i n  a w e l l  
immersed i n  t h e  f l u i d i z e d  bed. Axia l  t r a v e r s e s  showed t h a t  t h e  tempera ture  throughout 
t h e  bed was 150O0 f 2'F. 

The i n l e t  d ry  gases  were preblended mixtures  of H,, CO, CO, and CH, i n  t h e  des i r ed  
P ropor t ions .  The metered dry gas w a s  passed  through a steam g e n e r a t o r  i n  which t h e  
water temperature was c o n t r o l l e d  (* 0.2'F) t o  g i v e  t h e  d e s i r e d  steam p a r t i a l  p re s su re .  
co, W a s  added t o  t h e  dry  gas  mixtures  i n  o r d e r  t o  b r ing  t h e  composition of t h e  t o t a l  
i n l e t  gas  t o  w a t e r g a s  s h i f t  equ i l ib r ium.  Othe rwise , , t he  p a r t i a l  p r e s s u r e s  of t he  in- 
let HaO, Hn and CO would have been a l t e r e d  apprec i ab ly  by s h i f t i n g ,  ca t a lyzed  by t h e  
reactor s u r f a c e s  and t h e  cha r  bed. 

The t o t a l  in le t  g a s  e n t e r e d  t h e  r e a c t o r  through an a x i a l  d ip tube  which extended 
t o  t h e  bottom of t h e  cone. The g a s  passed downward, reversed  d i r e c t i o n ,  and f l u i d i z e d  
t h e  bed. 
depending on t h e  p re s su re  l e v e l  and gas  composition i n  o rde r  t o  g ive  a bed expansion 
of about 30$ over  t h e  i n c i p i e n t  f l u i d i z e d  bed h e i g h t .  

The s u p e r f i c i a l  f l u i d i z i n g  veloc' i ty w a s  h e l d  i n  t h e  range, 0.14-0.18 f t / s e c  

' The e x i t  g a s  was cooled  t o  condense t h e  un reac ted  steam, which was t h e n  t h r o t t l e d  
t o  atmospheric p r e s s u r e  and c o l l e c t e d  i n  t h e  condensate r e c e i v e r .  The dry  e x i t  gas ,  
a f t e r  be ing  t h r o t t l e d  t o  atmospheric p re s su re ,  passed  through t h e  condensa te  r e c e i v e r  
t o  p i c k  up t h e  d i s so lved  gases  which had f l a s h e d  from t h e  condensa te .  Most of t h e  H,S 
was zemoved by an a c i d i f i e d  Cd(NO,), s o l u t i o n  which had been charged  i n i t i a l l y  t o  t h e  
condensate r e c e i v e r .  One s i d e  s t ream of t h e  d r i e d  g a s  was d i v e r t e d  through a sample 
loop  where, t y p i c a l l y ,  a sample was taken  eve ry  12  minutes f o r . a n a l y s i s  by gas  chroma- 
tography. Another was d i v e r t e d  through a thermal, conduc t iv i ty  ce l l  which cont inuous ly  
monitored t h e  e x i t  gas  composition i n  r e f e r e n c e  t o  the i n l e t  dry  g a s .  .The d ive r t ed  
s t reams were recombined, s a t u r a t e d  wi th  water ,  and passed  through a c a l i b r a t e d  w e t  test 
meter. 

. 

I n  t h e  runs  where t h e  i n l e t  d r y  gas  con ta ined  carbon oxides  andfor  CHI, t h e  dual- 
column g a s  chromatograph was opera ted  d i f f e r e n t i a l l y .  Samples of t h e  i n l e t  dry gas  
and e x i t  g a s  were s imul taneous ly  i n j e c t e d  i n t o  t h e i r  r e s p e c t i v e  columns and t h e  out- 
p u t s  of t h e  thermal conduc t iv i ty  d e t e c t o r  c e l l s  were ar ranged  to  g i v e  s i g n a l s  which 
were p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e s  i n  concen t r a t ions  of CO, CO,, and CH, i n  the two 
g a s  streams. 

In a l l  t h e  runs t h e  cha r  was p r e t r e a t e d  by f l u i d i z i n g  i n  pure H, f o r  one hour a t  
1400'F and a t  6 atm system p r e s s u r e .  
f e e d  c h a r  was reproducib ly  g a s i f i e d .  

During th i s  pe r iod ,  8 . 6  of t h e  carbon i n  t h e  

The k i n e t i c s  p o r t i o n  of t h e  run  w a s  t h e n  s t a r t e d  by r a i s i n g  t h e  system p res su re  
t o  t h e  d e s i r e d  l e v e l ,  i nc reas ing  t h e  bed tempera ture  t o  15W°F, and r e p l a c i n g  t h e  
hydrogen f l o w  wi th  t h e  d e s i r e d  flows of steam and i n l e t  dry  g a s .  These ope ra t ions ,  
performed i n  t h e  o rde r  g iven ,  were canp le t ed  i n  about one minute.  

A t  t h e  end of a run t h e  bed was r a p i d l y  cooled and removed from t h e  r e a c t o r .  The 
e n t i r e  bed, i.e., cha r  p l u s  d i l u e n t  was assayed  f o r  i t s  carbon c o n t e n t .  

. 
e f f e c t s  due t o  c a t a l y t i c  format ion  of methane or i t s  hydro lys i s ,  depending upon which 
s i d e  of equ i l ib r ium t h e  gas  composition i n  t h e  r e a c t o r  corresponded t o  i n  t h e  r e a c t i o n  

It was found necessary  t o  p r e s u l f i d e  t h e  r e a c t o r  and char  bed t o  e l i m i n a t e  spur ious  
' 
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W i t h  a p r e s u l f i d e d  system, a l l  methane produced was de r ived  from g a s i f i c a t i o n  of the  
c h a r .  
system f o r  one hour a t  1 2 0 ° F  and a t  atmospheric p r e s s u r e  before  t h e  pre t rea tment  
pe r iod  was s t a r t e d .  

P r e s u l f i d i n g  was accomplished by pass'ing a 1% H,S-99$ H, mixture through the  

The i n t e g r a l  g a s i f i c a t i o n  rates a t  t h e  8 r epor t ed  here  a r e  def ined  below: 

t o t a l  mols of carbon gas i f i ed lmin  x lo4 - - N x 1 0 4  

x 104 

R T =  atom of carbon i n  bed - wo - J0S 

% H 4  = atom of carbon i n  bed - wo - J0S 
NCH4 t o t a l  mols CH, formedlmin x lo4 - 

RC = s, - RCH, 

The carbon ox ides  rate, +, is  def ined  a s  above because,  a s  w i l l  be shown ' la te r ,  
t h e  r e a c t i o n  model f o r  methane formation r e q u i r e s  t h a t  a m o l  o f  CO be produced f o r  
each mol of methane formed. 

N and NcH i n  t h e  above equa t ions  a r e  t h e  r e s p e c t i v e  mols of t o t a l  carbon gases 
and methane formed p e r  minute from cha r  g a s i f i c a t i o n .  They are c a l c u l a t e d  from 
t h e  i n l e t  and e x i t  d r y  g a s  r a t e s  and t h e i r  compositions a t  t i m e  8 .  Wo i s  t he  atoms 
of carbon i n  t h e  bed a t  t i m e  9 = 0, i . e . ,  j u s t  a f t e r  t h e  p re t r ea tmen t  pe r iod  i s  
completed.  The carbon burnoff is c a l c u l a t e d  from t h e  equat ion ,  

100 loe Nd8 
$ Burnoff = 

WO 

Typica l  run  d a t a  and c a l c u l a t i o n s  are i l l u s t r a t e d  i n  Table 11. 

D i f f e r e n t i a l  r a t e  d a t a  a r e  obta ined  from t h e  two i n t e g r a l  rates corresponding t o  
i n i t i a l  cha r  bed weights  of 5 and 10 grams by l i n e a r  e x t r a p o l a t i o n  t o  zero bed weight.  

I n t e g r a l  R a t e  Data from Continuous Unit 
I 

i The cont inuous  u n i t  f o r  ob ta in ing  i n t e g r a l  r a t e  d a t a  was descr ibed  e a r l i e r . ( ' )  
Two methods of o p e r a t i o n  were employed. I n  one, t h e  CO, accep to r  was c i r c u l a t e d  
through t h e  g a s i f i e r .  I n  t h e  o t h e r ,  no accep to r  was used .  The l a t t e r  involved opera- 
t i o n  only of t h e  g a s i f i e r ,  but w i th  continuous feed  of hydrodevo la t i l i zed  cha r  and i 
cont inuous  withdrawal of p a r t i a l l y  g a s i f i e d  c h a r .  1 

The former o p e r a t i o n  involved  ope ra t ion  of both t h e  r egene ra to r  and g a s i f i e r  
Vessels. The a c c e p t o r  w a s  cont inuous ly  showered through t h e  g a s i f i e r  bed. The 
accep to r ,  segrega ted  i n  t h e  bottom of t h e  g a s i f i e r  as a s e p a r a t e  phase, was withdrawn 4 
cont  inunusly znd r e c i r c u l z t e d  thro-gh t h e  r e g e n e r a t c r  . 

The g a s i f i e r  was a 4'' I.D. vesse l  and t h e  cha r  bed he igh t  w a s  c o n t r o l l e d  by means 
of an overflow w e i r .  The bed h e i g h t  i n  most k i n e t i c  runs  was 4 0  inches .  i I 

The f eeds tocks  were c r u s h e d . t o  -35 mesh and d r i e d  wi th  i n e r t  gas  i n  a f l u i d  bed 
The d ry ing  was conducted i n  such a way t h a t  almost a l l  t h e  -150 mesh c' a t  500°F. 

p a r t i c l e s  were removed by e l u t r i a t i o n .  I 

The d r i ed  and e l u t r i a t e d  f eed  was then  hydrodevo la t i l i zed  a t  1500'F and about one 
hour res idence  t i m e  i n  a s e p a r a t e  run  i n  t h e  cont inuous  u n i t .  The i n l e t  gas composi- I 

t i o n  was ad jus t ed  t o  s i m u l a t e  t h a t  i n  t h e  cor responding  s t e p  i n  t h e  commercial vers ion  
of t h e  CO, acceptor  p r o c e s s ( 3 )  wherein t h e  p a r t i a l  'p ressure  of hydrogen is about 6 a h . 3  
Th i s  was done by adding  steam and hydrogen and r ecyc l ing  t h e  make gas  i n  the  proper 
p ropor t ions .  
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Analyses of t h e  hydrodevo la t i l i zed  f eeds tocks  a r e  g iven  i n  Table I b .  

The CanPos i t ion  of t h e  i n l e t  gas  dur ing  t h e  k i n e t i c  runs was c o n t r o l l e d  by r ecyc le  
of t h e  product gas .  
t h e  Water tempera ture  was c o n t r o l l e d  t o  g i v e  t h e  des i r ed  i n l e t  steam p a r t i a l  P r e s s u r e .  

of t h e  product  cha r .  
by Sampling t h e  d ry  product  gas .  
equipment used f o r  t h e  ba t ch  k i n e t i c s  program. 
only  when t h e  u n i t  had reached s t eady  s ta te ,  a s  evidenced by cons t an t  e x i t  gas  COmpOSitiOn- 

c a t i o n  rate was determined from d r y  e x i t  gas  a n a l y s i s  and the  metered e x i t  gas  r a t e .  
The i n t e g r a l  g a s i f i c a t i o n  rates are then  determined a s  fo l lows  when no  accep to r  is 
p r e s e n t :  

The i n l e t  d ry  gas  was passed through a steam g e n e r a t o r  i n  which 

The inventory  of carbon i n  t h e  bed was determined from t h e  bed weight and a n a l y s i s  
The composition of t h e  product  gas  w a s  semi-continuously monitored 

Analyses were made wi th  t h e  same gas  chromatograph 
The product char  was sampled for a n a l y s i s  

The bed weight was determined by Dp measurement a c r o s s  the f l u i d  bed. The g a s i f i -  

mols e x i t  naa/min x m o l  f r a c t i o n  of to ta l  carbon x lo4 
% =  atom carbon i n  bed 

- m o l s  e x i t  gas lmin  x m o l  f r a c t i o n  of CH& x io4 
%H, - a t a a  carbon i n  bed 

' When accep to r  was used, c o r r e c t i o n  had t o  be made in f o r  CO, picked  up by 
accep to r .  Also, in t h e s e  in s t ances ,  CO, u s u a l l y  was added 2 o t h e  i n l e t  g a s  and t h u s  
had t o  be deducted f r o m  the to ta l  carbon in the outlet gas  i n  c a l c u l a t i n g  I$.. 

R e s u l t s  and Discuss ion  

Batch Int o a r a l  Data 

Pre l imina ry  exper iments  showed t h a t  t h e  subsequent g a s i f i c a t i o n  rates were r e l a -  
t i v e l y  i n s e n s i t i v e  t o  the g a s  atmosphere or t i m e  of p re t r ea tmen t .  
cedure  used  was accepted  as a s t a n d a r d  because of i ts  s imula t ion  of t h e  hydrodevola- 
t i l i z a t i o n  step in t h e  p r o j e c t e d  commercial v e r s i o n  of t h e  p rocess .  

The p a r t i c u l a r  pro- 

I n t e g r a l  rate d a t a  for  % and RCH4 are shown f o r  s e v e r a l  l i g n i t e  c h a r s  i n  F igures  
2 and 3, r e s p e c t i v e l y .  A l l  d a t a  were ob ta ined  a t  1500OF and 16  atmospheres t o t a l  
p r e s s u r e  us ing  two d i f f e r e n t  hydrogen steam mixtures  i n  t h e  feed ,  i . e . ,  62$ H,-38$ H,O 
and 32$ II,-68$ H,O. These  t w o  va lues  cor respond roughly t o  the H,/H,O ratios e x i s t i n g  
a t  t h e  t o p  and bottom, r e s p e c t i v e l y ,  of t h e  p r o j e c t e d  commercial v e r s i o n  of t h e  pro- 
cess. 
t i o n  rates. 
p r a c t i c e .  

No CO was added and,as w e  w i l l  show l a t e r , t h i s  s t r o n g l y  i n h i b i t s  t h e  g a s i f i c a -  
The rates shown t h e r e f o r e  are h ighe r  than  would be a n t i c i p a t e d  i n  

The Renner Cove cha r  is unusual for  i ts  h i g h  r e a c t i v i t y  r e l a t i v e  t o  t h e  o t h e r  
l i g n i t e  cha r s .  Analyses in Tab le  I show t h a t  t h i s  l i g n i t e  is p a r t i c u l a r l y  h lgh  i n  
sodium. 
r e a c t i o n  rates were reduced t o  a l e v e l  comparable wi th  those  of t h e  other l i g n i t e  c h a r s .  
The h i g h  r e a c t i v i t y  of t h e  Renner Cove c h a r  t h u s  may be a t t r i b u t e d  t o  a h igh  l e v e l  of 
c a t a l y s i s  by sodium. 

The high i n h i b i t i n g  e f f e c t  of H, f o r  t h e  carbon oxides  r a t e s ,  R , is a l s o  noted 
and is in accord  wi th  p r i o r  obse rva t ions  on bituminous coal chars.('$ The t o t a l  
g a s i f i c a t i o n  rate a c t u a l l y  is h ighe r  a t  1500OF than  t h e  r a t e s  of g a s i f i c a t i o n  of 
bituminous c o a l  cha r s  p rev ious ly  observed under comparable c o n d i t i o n s  a t  1700'F. 
Thus, it is c l e a r  t h a t  l i g n i t e s  are eminent ly  s u i t a b l e  f o r  u se  in t h e  CO, acceptor  
p rocess  from t h e  p o i n t  of view of  r e a c t i v i t y .  

A f t e r  e x t r a c t i o n  of 90$ of t h e  sodium from t h i s  cha r  w i t h  hot water, t h e  
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.The Inethane r a t e .  RCH, ,  i n  a l l  c a s e s  decreases  monotonical ly  w i t h  i n c r e a s i n g  carbon 

It tends  t o  show t h e  reverse  
b u r n o f f .  The behavior  of t h e  carbon oxides  r a t e ,  k, 1s more complex. I t  i n c r e a s e s  
wlth burnoff In  most c a s e s  a t  low l e v e l s  of H, i n h i b i t i o n .  
behavior  a t  hlgh l e v e l s  of hydrogen inhibition. Although i n  some c a s e s ,  a maximum rate  , 
15 observed a t  low b u r n o f f s ,  1 .e ., up t o  359 burnoff ._ i 

4 

I ,  
D i f i e r e n t i a l  Rate Data 

I 

A l l  t h e  d i f f e r e n t i a l  ra tes  were obta ined  wi th  Renner Cove c h a r  a t  1500°F. The k 

composi t ions t o  be expec ted  a t  t h e  top  and bottom of t h e  g a s i f i e r  i n  t h e  commercial 
t a b u l a t e d  d a t a  f o r  bo th  I t  and %H, a r e  g iven  i n  Table  111. 

process  and f o r  t o t a l  p r e s s u r e s  of 11 and 20 a t m .  There i s  one except ion,  however, 
i n  t ha t  no CH, was added t o  t h e  i n l e t  g a s .  Separa te  r u n s  were, t h e r e f o r e ,  made to  
determine t h e  e f f e c t  of CH, i n h i b i t i o n  on the  rates. These d a t a  a r e  g iven  i n  Table IV. 

These d a t a  span t h e  gas , 

;. . . .. 
C o r r e l a t i o n  of Data 

I n s p e c t i o n  of t h e  d a t a  i n  Table  I11 c lea r ly  shows t h e  s t r o n g  i n h i b i t i o n  by CO on 
both 
CO and CH4, the4fo l lowing  r e a c t i o n  was used as a model t o - a r r . i v e . a t  a s u i t a b l e  cor re la -  
t i o n .  

and qH . To account  f o r  t h e  i n h i b i t i o n  o f ,  t h e  methane formation r a t e  by both 

2 C + H, + H,O = CH, + CO (2) 

'2 
The ra te  c o n t r o l l i n g  s t e p  i n  t h e  above o v e r a l l  r e a c t i o n  was assumed t o  be the  reaction 
of absorbed H, and H,O on a d j a c e n t  carbon sltes t o  produce absorbed oxygen and C H 4 . '  

For  t h e  carbon oxides  r a t e ,  t h e  model r e a c t i o n  was, 

C + H,O = CO + H,, (3) 
with t h e  r a t e  c o n t r o l l i n g  s t e p  assumed t o  be t h e  r e a c t i o n  of absdrbed H,O with  an 
ad jacent  empty carbon s i t e  t o  produce absorbed oxygen and H,. 

Rate equat ions  a r e  r e a d i l y  developed for each c a s e  us ing  t h e  s t a n d a r d  Langmuir 
Isotherms to  represent  t h e  f r a c t i o n  of  t h e  s u r f a c e  covered with each  absorbed gas .  The 
corresponding r a t e  e q u a t i o n s  are g iven  below: 

'CO 'H, ] 
- '- ['H,O - K ( 4 )  
- 

C [l + KIP + K,P + K P 3' 
R 

*,O H, CO 

T h e  n e g a t i v e  terms i n  t h e  numerators  correspond t'o t h e  r e t a r d a t i o n  by t h e  r e v e r s e  , 
r e a c t  1 ons . , 

I t  15 c l e a r  from React ion  ( 2 1  why Kc i s  d e i i n e d  as equal  t o  %-2 R c f 1 4 .  T h i s , l s  
becau>e, by t h e  proposed mechanism, one m o l  of CO accompanies t h e  format ion  of every 
m o l  <)I methane. 

The c o n s t a n t s  i n  t h e  above ra te  equat ions  were determined from the 'exper imenta l  
( lata us ing  a non-l inear  least  squares  technique .  
were made u i t h  t h e  a i d  of a d l g i t a l  computer. 

The necessary i t e r a t i v e  r a l c u l a t i o n s  
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The va lues  of t h e  c o n s t a n t s  t hus  determined a r e  l i s t e d  as a func t ion  ,of carbon 

burnoff i n  Table V .  
Rc and b4 i s  shown i n  Tables  I11 and I V .  

The agreement between t h e  c a l c u l a t e d  and observed r a t e s  f o r  both 

9 
The e f f e c t  of t h e  r e a c t i o n ,  C + C 0 2  = 2 CO, on F~c has  been neglec ted  i n  t h e  runs  

i n  which C02 was a component of t h e  i n l e t  gas .  This  r e a c t i o n  i s  slow r e l a t i v e  t o  t h e  
steam-carbon r e a c t i o n  and i t  is s t r o n g l y  i n h i b i t e d  by CO. The d a t a  of Blackwood and 
Ingeme(') t aken  on the  r e a c t i o n  of C 0 2  wi th  a r e a c t i v e  coconut s h e l l  cha rcoa l  show 
t h a t ,  a t  t h e  cond i t ions  used i n  t h e  p re sen t  work, much less than  1% of t h e  observed 
va lues  of Rc could  have been con t r ibu ted  by g a s i f i c a t i o n  w i t h  CO2. 

I 
\ 

; 

The c o r r e l a t i n g  equa t ions  must be regarded  a s  semi-empirical .  The cons t an t ,  K,  
i n  Equation ( 4 )  f o r  % has  va lues  cons iderably  smaller than  t h e  equ i l ib r ium value of 
9 .2  a t  1500'F f o r  t h e  r eac t ion ,  

g r a p h i t e  + H,O = CO + H,. 

Th i s  is unexpected and no exp lana t ion  is advanced h e r e .  

In t h e  methane a d d i t i o n  runs, t h e  product ,  Pco PCH,, w a s  t o o  small t o  allow evalu- 
, a t i o n  of t h e  cons t an t ,  K ' ,  i n  Equat ion  ( 5 ) .  Therefore ,  t h e  equ i l ib r ium va lue  of 
/ 0.388 f o r  t h e  r e a c t i o n ,  

2 g r a p h i t e  + H, f H,O = CH, + CO, 

' has  h e n  ass igned  t e n t a t i v e l y .  
> 

I f  t h e  same a c t i v e  sites are involved i n  both  r e a c t i o n s ,  t h e n  methane should be 
an  i n h i b i t o r  f o r  t h e  carbon oxides  r e a c t i o n  as w e l l  a s  f o r  t h e  methane format ion  
r e a c t i o n .  The d a t a  i n  Table  I V  show t h a t  t h i s  is not t h e  case .  

F i n a l l y , ' t h e  va lues  of  K 1 ,  K, and K, should  be t h e  same a s  those  f o r  K I 1 ,  K ' ,  and 1. , 

K 1 3 .  A s  Table  V shows, t h e  va lues  are s imi la r ,  bu t  not i d e n t i c a l .  

The e f f e c t s  of t h e  p r i n c i p a l  v a r i a b l e s  on t h e  carbon ox ides  rate, Rc! a r e  i l l u s -  

' S i m i l a r  e f f e c t s  e x i s t  
~ , go through a maximum wi th  i n c r e a s i n g  t o t a l  p r e s s u r e  a t  cons t an t  gas  composition. The 
I' 
1 

t r a t e d  by t h e  curves  of F igu re  4,  der ived  from Equat ion  ( 4 ) .  
e f f e c t s  of both H, and CO are shown f o r  t h e  2C$ burnoff l e v e l .  
a t  o t h e r  burnoff l e v e l s .  

exper imenta l  d a t a  of t h i s  s tudy  do no t  f a l l  i n  t h e  r e g i o n  of t h e  maxima. The v a l i d i t y  
of  Eguations' ( 4 )  and (5)  has ,  
r a t e  d a t a  of t h e  e a r l i e r  s t u d y ( 5 )  f o r  bituminous c o a l  char  a t  1600" and 1700'F wi th  an 
average d e v i a t i o n  of f 2 6 .  
atm, but t h e  e f f e c t  of CO on t h e  d i f f e r e n t i a l  rates w a s  no t  s t u d i e d .  

The s t r o n g  i n h i b i t i o n  by CO and CH, on t h e  r a t e ,  RcH , is  shown i n  F igu re  5 f o r  

The s t r o n g  i n h i b i t i n g  

F igu re  4 a l s o  shows t h a t  Equation ( 4 )  p r e d i c t s  t h a t  t h e  r a t e s  

however, been confirmed by t h e i r  use  t o  c o r r e l a t e  t h e  

The range  of t o t a l  p r e s s u r e  i n  t h e  e a r l i e r  work was 1-30 , 
,> 

t ho  20$ burnoff l e v e l .  A s  wi th  %, s i m i l a r  e f f e c t s  e x i s t 4 a t  o t h e r  burnoff l e v e l s .  

The e f f e c t s  of H, and t o t a l  p r e s s u r e  on qH4 a r e  i l l u s t r a t e d  i n  F igu re  6. 
i s  a n  optimum value  of  t h e  r a t i o  H,/H,+H,O i n  t h e  range  of 0.4-0.5, depending on the  
p a r t i c u l a r  va lues  of t h e  o t h e r  v a r i a b l e s .  
RpH, cont inues  t o  i n c r e a s e  wi th  i n c r e a s i n g  t o t a l  p r e s s u r e  a t  c o n s t a n t  gas  composition, 
but approaches a l i m i t i n g  va lue  beyond t h e  range  of t h e  exper imenta l  d a t a .  

There I 
; 

1 
I n  c o n t r a s t  with Rc, Equat ion  ( 5 )  shows t h a t  

[\ 

Equation ( 5 )  a l s o  p r e d i c t s  t h a t  RCH w i l l  decrease  t o  z e r o  wi th  a gas  composition 

I , ano the r  r e a c t i o n ,  C + 2 H, = CH,. However, a run not o therwise  r e p o r t e d  h e r e  showed 
, 

of loo$ E,. 
t h a t  Equation (5)  remains v a l i d  a t  va lues  of t h e  ra t io  H,/H,+H,O up t o  0 . 9 .  

Actua l ly ,  cons ide rab le  g a s i f i c a t i o n  does occur a t  t h i s  c o n d i t i o n  through 
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in most c a s e s  t h e  f eeds tocks  used were d i f f e r e n t  from t h e  p a r t i c u l a r  i l g n i t e  [Remer 
Cove) f o r  which d i f f e r e n t i a l  rate d a t a  were a v a i l a b l e .  
e v e r ,  c a r r i e d  out w i t h  a high  sodium l i g n i t e  (Glenharo ld)  from t h e  same geographical 
area and from t h e  same F o r t  Union d e p o s i t .  
t h e  d i f f e r e n t i a l  d a t a  is p o s s i b l e .  

Limited ope ra t ions  were, how- 

Thus, i n  t h i s  c a s e  d i r e c t  comparison with 

I - 
i 

P r e d i c t i o n s  of i n t e g r a l  r a t e  d a t a  from d i f f e r e n t i a l  d a t a  is  d i f f i c u l t  i n  f l u i d i z e d  1 s y s t e m s ,  s i n c e  t h e  g a s  f l o w  p a t t e r n  is unknown. 
mixing and bypassing of t h e  bed by t h e  bubbles which form. I t  i s  t o  be expected, how- 
ever, tha t  i n  a smoothly o p e r a t i n g  f l u i d  bed such as one o b t a i n s  i n  p re s su re  opera t ion  
t h a t  t h e  i n t e g r a l  ra te  w i l l  l i e  somewhere between the  d i f f e r e n t i a l  rate p red ic t ed  f o r  
t h e  bottom and t o p  of bed c o n d i t i o n s .  A summary of t h e  cond i t ions  and feeds tocks  used 
i n  t h e  ope ra t ions  and i n t e g r a l  rates obta ined  are g iven  i n  Table  V I .  

Complications e x i s t  due t o  g a s  back 

Unfortunately,  a d i r e c t  comparison between p r e d i c t e d  rates from t h e  c o r r e l a t i o n  
of d i f f e r e n t i a l  d a t a  is only  p o s s i b l e  i n  t h e  case of two of t h e  runs with  Glenharold 
c h a r , . i . e . ,  K-1-1 and K-1-2 as shown i n  Tab le  V I I .  I t  is seen  t h a t  t h e  va lues  of Rc 
t end  t o  be close t o  bu t  somewhat h ighe r  t h a n  the  p r e d i c t e d  va lues  a t  t h e  o u t l e t  condi- 
t ions ,  

A comparison of Run K-1-1 w i th  Run K-1-3 shows the powerful e f f e c t  of a small in- 
crease i n  tempera ture  of 30°F on rate. I 

The second group of  runs i n  Table  V I 1  shows the  e f f e c t  of us ing  less r e a c t i v e  
l i g n i t e  f eeds tocks  on rate. These runs were made w i t h  t h e  acceptor  ' c i r c u l a t i n g  through 
t h e  bed, which reduces  t h e  CO, p r e s s u r e  and consequent ly  also the CO p r e s s u r e  by v i r t u e  
of water -gas-sh i f t  r e a c t i o n .  
for  t h e  use  of  less r e a c t i v e  c h a r s  a s  seen  by comparison of Run A-28 (Glenharold char 

The r educ t ion  i n  i n h i b i t i n g  e f f e c t  of CO t h u s  compensated 1 

is evidenced, however, by t h e  comparison of t h e  observed rates wi th  those  ca l cu la t ed  
f o r  t h e  more r e a c t i v e  c h a r s .  The r a t e s  i n  t h i s  case t e n d  t o  be somewhat lower as 
expec ted  w i t h  one e x c e p t i o n  (Run A-21) t h a n  t h o s e  c a l c u l a t e d  even a t  t h e  o u t l e t  condi- 
t i o n s .  

A 
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TABLE I a  

Analyses of L i g n i t e  Chars Used i n  Batch Kine t ic  S tudies  

Renner Cove Renner Dakota South 
Cove S t e r  Dakota Water Ex t rac t ed  

-- 1.01 1.10 1.21 

.88 .86 .85 
2.03 - .14 .91 

.83 1.42 .48 
12.84 13.47 12.52 

82.41 83.29 84 .OO -- 
-- 
-- 
-- 
-- 

W t .  46 
D r y  Basis  

Hydrogen 
Carbon 
Nitrogen 
Oxygen ( d i f f  .) 
S u l f u r  
Ash 

A 1 2 0 3 ,  W t .  $ 
SiO, 

CaO 

Na20 

TiO, 

Fez03 

MgO 

K2O 

P205' 

W t .  $ 
D r y  Basis 

Hydrogen 
Carbon 
Nitrogen 
Oxygen ( d i f f  
S u l f u r  
Ash 

A1,0,, W t .  $ 
s io, 
*e203 

MgO 

K2O 

CaO 

Na, 0 

TiO, 
'2'5 

14.9 
17.6 

8.7 
26 .O 

9.7 
14.7 

.5  

.5 

.6 

Ash Cornposition. Sulfur-Free Basis 

10.7 
14.4 
18.1 
37.5 
10.6 

3.9 
.2 
.3 
.5 

9.3 
33.3 
8.8 

35.2 
2.7 
4.3 

.5 
-7 
.1 

12.8 
14 ..l 
10.2 
35.9 
14.5 
2 .o 

.04 

.7 ' 

.8 

TABLE Ib 

Analyses  of Chars Used i n  Continuous G a s i f i e r  

Glenharold 
Glenharold Water Ext rac ted .  Husky I Husky I1 

.73 .75 .94 .86 
83.16 84.71 82.78 80.68 

.50 .52 .35 .45 
1.53 1.49 1.42 1.79 
1.21 .95 1.32 1.47 

12.87 11.58 13.19 14.75 

10.6 
24.4 
8.6 

33.3 
7.4 

11.7 
.7 
.6 
.3 

Ash Composition. Sulfur-Free Bas is  

11.5 
19.4 
11.8 
40.1 
9.7 
5.3 

.3 

.7 

.4 

15.6 
24.7 

5 . 3  
33 .O 
15.4 
4 .3  

.4 
1 .2  
.1 

15.5 
26 .O 

5.7 
35 .o 
1: .2 

4.6 
.4 
.7 
.4 

Has ky 

1.55 
75.18 

.82 
1.49 
2.64 

18.96 

10.9 

28.1 
25.7 

8.9 
.7 
.2 
.5 
.4 

, 21.0 

Rosebud, 
Subbituminou i 

89.71 
.25 , 

2.04 '( 

21.9 
5.8 

30.8 
10.2 
2 .o 

.3 1 

.4 

/ 
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TABLE I1 

I' Calculations f o r  T m i c a l  Run 

Run 53: 10 gram Charge, Renner Cove Char, 150O0F, 16.97 atm System Pressure 

In l e t  Conditions 

Dry Gas Rate, SCFH* 7.66 
Steam Rate, SCFH 8.19 

H,O H, - co CH, co, 
Dry Gas Composition, mol $ 0 88.93 5.30 0 5.77 
P a r t i a l  Pressures, atm 8.76 7.29 .435 0 .473 

Exit  Conditions 

Elapsed Oxidizing Time, min 0 6 18 30 42 54 

Dry Exit  Gas Composition 
CO, mol $ 
CH4 
CO, 

1 '  

I 

H, (by d i f f . )  

- 6.96 6.61 6.20 5.96 5.75 
- 1.16 .708 .479 .333 .255 
- 8.20 7.72 7 -47 7.15 6.92 
- 83.69 84.96 85.85 86.56 87.08 

Dry Exit  G a s  Rate, SCFH - 8.93 8.79 8.38 8.18 8.01 

Calculated Quan t i t i e s  
Rate of Oxygen Appearance i n  
1 Dry Exit Gas, gm O/min 
?team Conversion, $ 
Wet Exi t  G a s  Composition 

CO, mol $ 
CH 4 

co2 

Ha0 
as i f  ication Rate, N, 

I H2 

i 
I 

Cumulative Carbon Gasified, gm 
Instantaneous W t  of C i n  Bed, W, gm 
Fntegral T o t a l  Gas i f ica t ion  Rate, 

N/W, gm C gasified/gm C i n  
; Bed/min x lo' 
In t eg ra l  Methane Formation R a t e ,  

p C gasified/gm C i n  Bed/ 
min x 10' 

.1510 
0 

7.500 

201 

38.5 

-244 
9 .so 

3.80 
.632 
4.48 

45.73 
45.35 

.1384 
.561 

6.939 

200 

34.9 

.194 
7.55 

3.55 
.380 
4.15 

45.64 
46.27 

.lo59 
2.019 
5.481 

193 

26.6 

.152 -118 .093 
5.93 4.61 3.62 

3.23 3.05 2.90 
.250 .170 .128 
3.89 3.66 3.48 

44.73 44.28 43.87 
47.90 48.84 49.62 

.0812 .0624 .0481 
3.135 3.992 4.652 
4.365 3.508 2.848 

186 178 169 

21.6 18.2 16.8 
h 
burnoff, $ C Gasified 0 7.5 26.9 41 -2 53.2 62 .O 

* Standard conditions are 70°F, 29.92 inches Hg. 

\ 
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TABLE V 

Tabulated Constants in Rate Equations 

Rc 

4 Burnoff 

k 
K 

0 - 
576 647 

3.26 4.67 

.035 .026 

.360 .400 
1.30 1.42 

15.64 11.51 

.19 .13 

.16 .21 
1.25 1.51 
1-18 .88 

60 - 40  - 
759 934 

4.33 2 -92 

.017 .010 

.460 -540 
1.63 1.90 

8.05 5.84 
3 8 8 .  * 

.08 .04 

.23 .25 
1.80 % 2.10 

.81 1.12 
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Figure 4 
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I 

AND CHAR TRANSFORMATION .IN HYDROGASIFICATION - LIGNITE 
TO Lx)w-VOIATIIE BITUMINOUS COAL 

David M. 'Mason 

Institute of Gas Technology 
3424 S. State Street 

Chicago, Illinois 60616 

In E Previous paper we discussed the behavior of a high-volatile 
A bituminous coal from the Pittsburgh No. 8 seam in the hydrogasifica- 
tion process (5). This study of the petrographic and physical prop- 
PrTieS of the coal and chars at different stages of the process had 
iw? objectives : 

To find out as much as possible about what happens to the coal 
and how it behaves in the process. 

To develop a correlation between the petrographic properties of 
the coals and their suitability for hydrogasification. 

1. 

2 .  

I s  the present paper the investigation has been extended to coal ranks 
raikging from lignite to low-volatile bituminous. 

As noted previously, bituminous coal is treated in three successive 
st ATes : 

Pretreatment with air at about 8 0 0 ~ ~  to destroy the agglomerating 
power of the coal. 

coal as the feed. 

1. 

2. First-stage hydrogasification at 1200°-13000F with pretreated 

3 .  Second-stage hydrogasification at 1700°-20000F with first-stage 
residue as the feed. 

FIowever, Fn the present work the hydrogasification processing method 
was different from that previously reported. In that study, the first 
and second stages were conducted separately in different moving-bed 
runs. This time the two stages were combined in a single operation. 
The first stage was limited to a period of a few seconds while the 
pretreated coal dropped in free fall through the rising gas in the upper 
3 ft of the reactor tube. The second-stage hydrogasification occurred 
in a fluid bed in the lower 3-4 ft of the reactor tube. With this 
processing regime it was not possible to obtain samples of char between 
the two stages. Most of the char residues investigated here were from 
runs in which the hydrogen fed was 25-30$ of the stoichiometric amount 
reqGired for complete gasification, and the steam comprised 5% of the 
stem-hydrogen mixture. 

York is continuing on two or three other coals. 

21.1: change is that a 40X Achromat objective was used for both maceral 
a.ml;:sis and reflectance determination. Surface areas were determined 
3:- 1:umec Instruments and Controls Corporation with carbon dioxide ad- 
sorption at 198%. 

Tie sources and ranks of the coals processed are shown in Table 1. 

P s  petrographic methods have been described previously (5). The 

t 
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Jil 31-VOLATILE BITUMINOUS Corn 
The high-volatile bituminous coals ranged in rank from an Illinois 

No. 6 high-volatile C coal with a mean maximum vitrinite reflectance 
of 0.45% to a West Virginia No. 5 Block high-volatile A coal with a 
mean maximum vitrinite reflectance of 0.81$. All of these coals re- 
quired pretreatment of about the same severity. The effect of pre- 
treatment on any of these coals is not noticeably different from that 
described previously for the Pittsburgh No. 8 coal - mainly inflation 
t o  cenospheres, disappearance of most of the exinite, development of 
a high-reflectance skin differing in thickness from particle to particle 
(Figure 11, and a varying lesser increase in reflectance (over that of 
the coal) in the interior of the particles. 
quite similar, although perhaps quantitative determinations of cell 
wall thickness and vesicle size would show differences. 

Several different types of particle structures are found in the 
char residues after hydrogasification (Figure 2 ) .  A fine-textured 
foam Structure is prevalent in the residue from the highest rank coal 
(West Virginia No. 5 Block) but becomes less frequent with decreasing 
rank until it is virtually absent in the residue from the Illinois 
No. 6 coal (Figure 3) .  Otherwise, the residue particles from the 
different high-volatile bituminous coals appear quite similar in form. 
Also, there is little difference in reflectance; the mean reflectance 
of the residue from the lowest rank coal (Illinois No. 6) does not 
dj i':'er significantly from that of the Pittsburgh No. 8 (Table 2 ) .  

Particle structure appears 

Table 2.  REFLECTANCE OF HYDROGASIFICATION RFSIDUES 

Pittsburgh Illinois Colorado N. Dakota 
Coal No. 8 No. 6 Subbituminous Lignite - 
Run No. 

Reflectance in 
011, z 
0-0.9 

1.0-1.9 
2.0-2.9 
3.0-3. $ 

4.0-4.9 

6.0-6.9 

8.0-8.9 
No. of Readings 

5.0-5-9 

7-0-7 9 

Avg Reflectance 
in Oil, Z 
Standard Devia- 
tlw, 9 

I1T- 126 €IT-155 I1T-184 

Distribution of: Reflectance Readings, $ 

-- 
-- 

2.2  
22.7 
48.4 
22.9 

0.8 

36 2 

3- 0 

-- 

-- 
0.4 
1 .3  

17.1 

16.2 
62.8 

1 .3  
0.8 
0 .4  
2 34 

-- 
2.6 

22.6 
59.1 
12.2 

3.5 
-- 
-- 
-- 

115 

4.49 4.45 3.36 

0.80 0.71 0.70 

m-139 

6.3 

19.8 
47.8 
20.7 

4.5 
0.9 
-- 
-- 
-- 
111 

2.44 

0.90 
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::?ere i s  some difference i n  the  a.nisotropy of the  p a r t i c l e s .  The 
resfdue from t h e  I l l i n o i s  Bo. 6 coa l  exh ib i t s  very l i t t l e  anisotropy / 
::ken observed w i t h  crossed polars .  Less than half  of the p a r t i c l e s  show 
an:.- anisotropy, and these  only i n  small areas  (Figure 4a). Anistropy (J 

of the residue increases  w i t h  coal  rank. Thus i n  the residue from the 
:!est -f:irginia No. 5 Block coal  most of t he  partic',es show at  least a 
i i t t l e  anisotropy, while some, e spec ia l ly  those with the foam structure,  
are predominantly an i so t rop ic  except f o r  the pretreatment skin (Figure 
4b). lW greater degree of anisotropy and the g rea t e r  prevalence of 
fom. s t ruc tu re  i n  t h e  residue from the  higher rank coals indicates  that 
%. grea te r  degree of f l u i d i t y  is a t t a i n e d  i n  the  i n t e r i o r  of these par- 

,?;Lrface are65 c;f 503 and 463 sq m/g were'obtained '311 the  residues 

: .j ,,; 2 5s !.;her: t h e  coal  i~ ,:-cL;idly heated I n  the hydrogasifLCation react;,ii. 

i'rm Pittsburgh No. 8 and I l l i n o i s  No.  6 coals, respectively.  The 
surface area of the o r i g i n a l  Pit tsburgh No. 8 coal  was 131 sq,m/g; 
t h a t  of the I l l i n o i s  No. 6 coal  m y  have been SQmeWhat h i  her,  but 
vas not measured. After  retreatment t he  Pit tsburgh No. coal  had a 
s-rf'ace area of 148 sq m x .  Thus most of the increase i n  the surface 
area occurred during hydrogasification. 

B \ 

-\;cry few differences were evident i n  processing cha rac t e r i s t i c s  
&km.g t he  high-volat i le  bituminous coals, i n  e i t h e r  pretreatment or 
&.;) drogasif  i ca t ion .  However, our data ind ica t e  tha t  the pretreatment 
- . ie ld  increases w i t h  t h e  rank of t h e  v i t r i n i t e .  This i s  shown i n  
Table 3 ,  where the coals  a r e  l is ted i n  order of increasing v i t r i n i t e  
ref lectance.  Yields were calculated by two methods f o r  runs from which 
t h e  char was e i t h e r  free-flowing o r  only very l i g h t l y  caked i n  a lab-  
ciratory agglomeration test ( 2 ) .  I n  one method the  yield of m o i s t u r e  
and ash-free coal  w a s  calculated from t h e  measured t o t a l  char y i e ld  / 
and the feed and product analyses.  (Runs i n  which the mater ia l  balance 
recovery was less t h a n  85 o r  g rea t e r  than 100% were excluded.) In  
the other method, the y i e ld  was calculated from the proximate analyses 
3f feed and product, w i t h  the assumption t h a t  the amount of fixed car- 
b m  d i d  not change. A s imi l a r  calculat ion based on ash content i s  
sr,nstimes used, biit i s  d i s t r u s t e d  here because of the tendency for  
5ense, high-ash pap l i c i e s  t o  accumulate i n  the pretreatment f l u i d  bed. 

yields  from t h e  second method a r e  consis tent ly  less than  those 
from the p i l o t  p l an t  data, but both show a trend of increasing yield 
w i t h  rank. The yield,  no doubt, als? depends on maceral composition 
because fhe y i e l d  from i n e r t i n i t e  is expected t o  be greater  than that 
from v i t r i n i t e ,  while t h a t  from e x i n i t e  i s  expected t o  be much l e s s .  
The two higher rank coals  have, on t h e  average, more of both ex in i t e  
and i n e r t i n i t e  than t h e  two l o w  rank coals .  Because the  higher exini te  
c m t e n t  counterbalances the  higher i n e r t i n i t e  content, it appears t h a t  
Lhe higher average y i e l d  of the  two higher rank coals can be a t t r ibu ted ,  
entire1:- t o  tke higher ranks of t h e i r  v i t r i n i t e s ,  

/ 

' 

The pretreated Pocahontas N s .  4 coa l  showed the  usual development 
3f sx:idLzea pretreatment skin, but very l i t t l e  or  no ves i c l e  formation 
(?:@ire 5)  and no s i g n i f i c a n t  l o s s  of v o l a t i l e  matter. The pretreatment 

s e r t  i n  mn:.- pwt!.cLes. A h igh  rate of a t t r i t i o n  was observed i n  the 
preireaty,e,ert processlnz, vhich T v ~  a t t r i b u t e d  t o  tFje developRent of' 
. . c - 3 8 r.racl:s, 

sl<:r. extends ir.t= yL,~n:; cracl.:s, :;any &diti!2Eai fii-ie cr&cks were pi'"- 

. .  
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f jetween medium- and low-volati le rank, did r e s u l t  i n  ves i c l e  formdtion 1 

(FFgure 6 ) ,  although not t o  as great  an extent as i n  the high-volati le I 
zoa l s .  * 
:.-;is coal,  and a high rate of a t t r i t i o n  occurred i n  the pretreatment 
pr s cess ing . 

?Ian:rtAntr?ent sf t h e  Sewell Seam coal, which i s  91: the borderli? e 

Fine cracks were a l s o  observed i n  the pretreated pa r t i c l e s  of 

Tiydrogasification of these two coals was d i f f i c u l t  because the re- 

merated p a r t i c l e s  of residue from t h e  Pocahontas coal were ex- 
d petrographically.  With crossed polars j  the px t r ea tmen t  3kii-i 
eadily i d e n t i f i e d .  P a r t i c l e s  without skins  and t h e  interi .ors 
r t i c l e s  with sk in  were an i so t rop ic  and had a foam s t ruc tu re .  
t i n a t i o n  o r  cementin& of p a r t i c l e s  was done by this foam nn te r i a l  

m!, onl;, by the p a r t i c l e s  t h a t  had undergone l i t t l e  3r no pretreatment, 
' 'i also by p a r t i c l e s  with holes or breaks i n  the skin. .  It appears 

i-3 t h e  outside of t he  p a r t i c l e  as a r e s u l t  o f  the  simultaneous de- 

; y j l ; .  a sma;l l'rac.'ion 0 ;  the renidue from (.he Pocahontas coal - 

plugged with agglomerating c o a l  p a r t i c l e s .  To invest igate  t h i s ,  

I It was obvious (Figure 7 )  t h a t  t he  foam material was supplied 

at t h e  pretreatment sk in  can be broken and the contents discharged 

ier??, oi'  pressure and f l u i d i t y  i n  t.he i n t e r i o r  of the pa r t i c l e s .  

pi>;,:;aC,l;y t h a t  derived from i n e r t i n i t e  - does not have a.foam structure.  
?he residue from t he  Sewell coal  also has a l a rge  amount of  foam 
S I  ructure  , b u t  has an appreciable,  perhaps predominant,,' amount of 
rnat.erial with ves i cu la r  s t r u c t u r e .  s imi l a r  t o  t h a t  , o f  t h e  residue from 
!ligh-volatile bituminous coals.  
-7mount of devo la t i l i za t ion  t h a t  occurred i n  the  pretreatment o f  the 
Sewell coal.  Some p a r t i c l e s  of  the residue from the l a t t e r  coal dis- 
p l e y  the discharge of foam mater ia l  from the i n s i d e , o f  the pa r t i c l e  
t h a t  was observed i n  the  residue from Pocahontas coal. '  However, the 
slnaller proportion of foam s t ruc tu re  i n  the Sewell residue indicates 
that .  i (.s agglomerating tendency should be appreciabl:; l e s s  t.bm t h a t  
: > ! ~  t ti(: Pocahontas residue. 

S1?3EI'l'UTIIINOUS COAL AND i , IGNI%E 

oxt pretreatment have a d i f f e r e n t  type 9f. pore s t ruc tu re  ?Figures 8 
and 0 ) .  ,rme pores are t y p i c a l l y  l e n t i c u l a r  i n  cmss sec t ion  rather  
;>an rounded, but rounding and e m a s i o n  of t he  pores i n  some areas 
ind ica t e  t h e  development of a g rea t e r  degree of p l a s t i c i t y  i n  some 
entire p a r t i c l e s  and parts 3f others .  M9re of t h i s  pore expansion 
s'3ecs t o  have occurred i n  t h e  lignite than i n  the subbitimhous coal .  
?!As pore expansion i s  probably caused by the grea te r ,  f l u i d i t y  em-  
?erred bg the presence of e x i n i t e  or  resinite o r  hoth  (I,&); these 
a r e  sorrewhat more p l e n t i f u l  i n  t h e  l i g n i t e  than i n  t h e  subb.itumin3us 
s &r,.:;p le . 

A:era.ze r e f l ec t ance  bj? these residues 4s s u b s t a n t i a l l y  less than 
,:.<.t 3f residues fm,m t h e  bi.tuminou3 'coals (Table 2 ) ,  w i t ? !  t h a t  from 
lLj,r:n!-te beine l e a s t .  The surface area of the residue from the l igni te ,  

L; ,.: aq : ~ , / g ,  :!s i n  t?.e range 'd the values sbtained i n  the residues 
fro?. tk:e hi&-:-volatil@ biturinous coals .  

This can be a t t r i bu ted  t o  the greater 

The residues from l i g n i t e  and subbituminous coal  hydro a s i f i e d  w i t h -  

. .  - 

L ..- .-. 

,(.c,. .-- 7 -c - :.. .L~J;,IOI~S 
- .  

~ ;. . . - . - ~ 3 p s p ? . A  7 st:;ri;.- sf t h e  feed coals and chars at d i f f e r e n t  s t n p  
3f' nrxessir.:: has been f r u i t f i l l  in several  ?rays. The d e t e c t i m  of 

3x8 x x n a l ~ : ~ ~  p?scess:kg r e s u l t s  , althc;;$: t he  exwiinat im vr~.: not 
C.C.?..! r.\...:r,3t.dL- __. 7 p q  rf r- r--cagglsr.erat:!.c? c-,al bg; a c r J % i q  c o ~ 1  rxplained ... 
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earlJ7 enough t o  avoid their  occurrence. Agglomeration of pretreated 
5igh rank bituminous coals  was shown t o  r e s u l t  from the discharge 
of f h q d  material from the i n t e r i o r  of p re t r ea t ed  particles as w e l l  

\' &S from t he  f l u i d i t y  of the few p a r t i c l e s  that escaped pretreatment.  
. J x k  of anisotropy i n  the residue chars from lignite, subbiturninGus 
r X l ,  and pretreated high-volat i le  C coa l  indicated that l r t t l e  o r  
'13  i ' lu idi ty  developed i n  these coals,  and accounts f o r  the siiccessful 
Dr' .-sing of l i g n i t e  and subbituminous coal without pretreatment. 
::?' rjsing amounts of anisotropy, i nd ica t ing  development of f l u i d i t y ,  
. m e  observed i n  chars from the M-gher rank bituminous coals .  Increased 
a u s  ~?.r.opy a[iu a very d i f f e r e n t  c n w  pa rc i c i e  s t ruc tu re  were f'ouna 
-.:-en b. high-volat i le  A bituminous coa l  was fed without pretreatment ( 5 ) .  
Yhese differences i n  structure may become important i f  process de- 
velopment makes it  possible  t o  feed t h e  coal  without pretreatment. 
%cause g raph i t i za t ion  at higher temperature occurs only when the  char 
has passed t h r q h  a fluid s t age  with r e s u l t i n g  anisotropy (3), the ' degree of anisotropy o r  lack of i t  may i nd ica t e  difference8 i n  the  
e l e c t r i c a l  c h a r a c t e r i s t i c s  of the c h r ;  th i s  may a f f e c t  i t s  behavior 

I i n  t he  electrothermal g a s i f i c a t i o n  process f o r  production of hydrogen. 

In- 

With respect t o  the  second object ive of our work - the development ! of a co r re l a t ion  between the petrographic propert ies  of a coa l  and 
I i t s  s u i t a b i l i t y  f m  hydrogasification - we f i n d :  

t 1. Exini te  is l a rge ly  l o s t  in pretreatment and, therefore ,  i s  of 
value only if the c o a l  can be processed without pretreatment. 

2. High-reflectance inertinite is  believed t o  behave as an un- 
r eac t ive  d i luen t  i n  at least the f i rs t  s tage of the hydro- 
gas i f i ca t ion  process. W e  have no information on the degree 
of a c t i v i t y  of semif'usinite. 

of the high-volat i le  bituminous coals i n  either pretreatment o r  
i n  hydrogasification. The y i e l d  of c o a l  from pretreatment i n -  
creased with rank of the v i t r i n i t e ;  3 - 6% increase i n  yield was 
noted when the ref lectance-in-oi l  of the v i t r i n i t e  increased from 
an average of 0.465 f o r  two high-volat i le  C coals t o  an average 
of 0.74s f o r  two high-volat i le  A coals.  

/ 

3. Very l i t t l e  difference bas evident i n  the processing cha rac t e r i s t i c s  
\ 
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Figure 1. PriETREATED I U N O I S  
No. 6 COAL 

Figure  2. TYPES OF CHAR 
STRUCTURE IN FZSIDUE 

FROM W.VA. NO. 5 BLOCK COAL 

Figure 3 .  RESIDUE CHARS FROM a )  I L L J N O I S  NO. 6 COAL 
AND b) W. VA. NO. 5 BLOCK COAL 
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Figure 4 .  AnTISOTROPY OF RESIDUE CHARS OBSERVED 
WITH CROSSED POURS. a) FROM ILLLNOIS  NO. 6 

AND b) FROM W. VA. NO. 5 BLOCK COAL 

Figure 5. PRETREATED POCAHONTAS NO. 4 COAL 
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Figure 6 .  PRETFEATED SEWELL SEAM C a A L  

Figure 7 .  RESIDUE CHAR FROM POCAHONTAS No. 4 COAL 
OBSERVED WITH CROSSED POLARS 
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Figure 8 .  RESIDUE CHAR FROM NORTH DAKOTA LLGNITE 

I 

Figure 9. RESIDUE Cm FROM COLORADO SUBBlTUMINOUS 
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INTEGRATION O F  COAL-BASED PIPELINE GAS 
AND POWER PRODUCTION 

C. L. T s a r o s  

Insti tute of Gas  Technology 
3424 S. State  S t ree t  

Chicago, Illinois 6061 6 

The upgrading of the  energy in coal and other  foss i l  fuels  to  e lec t r ic  energy 
is a well-established technology. A fu ture  technology, now being developed, will  
be the conversion of solid fossi l  fuels,  such .as  coal and oil  shale,  to  fluid fuels.  
Eoth  pr ivate  and public funds have been and a r e  being spent  to  develop processes  
to make  such conversion pract ical .  This  paper  will  explore  the possibil i ty of 
integrating a projected pipeline gas  process .  with a conventional power plant. 

PIPELINE GAS FROM COAL 

The Insti tute of Gas  Technology has studied the conversion of coal to pipe- 
l ine g a s  fo r  many yea r s .  Our process  is the d i r ec t  hydrogenation of pre t rea ted  
coal to  produce a gaseous effluent, which is then upgraded to pipeline gas  quality. 
In ou r  process  about half of the coal is gasified,  using mos t  of the volatile mat-  
t e r  and leaving a spent  cha r  as the bas i s  fo r  hydrogen production. The  hydrogen- 
making step,  based on the spent  char ,  is the subject of a number of variations in  
making pipeline g a s  by coal  hydrogasification. 

A cu r ren t  process  concept, which will  be  studied in  a large pilot plant pro j -  
ec t  sponsored jointly by the Office of Coal Research  and the Amer ican  Gas  Asso-  
ciation, bases  hydrogen production on the electrothermal  s t eam gasification of 
char  i n  a fluidized bed. 
process  fea tures  of a commerc ia l  plant based on this p rocess  (1). A hydrogen 
s t r e a m  as such  is not used. Instead, raw, hot synthesis  g a s  containing 48% hydro- 
gen and 37% carbon monoxide is fed to  the hydrogasifier. The use  of synthesis 
gas  direct ly  is technically feasible  and saves  money by eliminating the carbon 
monoxide conversion and carbon dioxide removal  s teps  necessa ry  to make  a high- 
purity hydrogen s t r eam.  About 44% of the hydrogasifier spent  cha r  is fed to the 
e lec t ro thermal  gas i f ie r  where i t  is gasif ied with s team,  hea t  being provided by 
electricity.  About 52 % of the spent  cha r  is sold as by-product fuel.  
e lectrothermal  gas i f ie r  has  been studied in  a pilot plant at Iowa State  University 
and will be developed on a l a r g e r  sca le  a t  ET. 

Figure  1 shows a simplified flow d iagram of the major  

The  fluidized 

Table 1 presents  a n  economic summary  of a mine mouth pipel ine-gas-from- 
Economic studies,  ca r r i ed  out as pa r t  of the OCR-A.G.A. development coal plant. 

If the IGT hydrogasification process ,  a r e  based on the manufacture  of 250 billion 
Btulday of pipeline g a s  heating value. In this design a total  of 17,790 tons/day of 
coal is required,  and the total investment is 
million Btu ($4.00/ton), the 20-year average  g a s  p r i ce  is est imated a t  51.1 h /  
million Btii of product g a s  heating value. 
represented by purchased power a t  3 mil ls /kWhr.  
modern  power plant Of the  800-MW level,  a 90% load fac tor  for  the gas  plants, and 
a 16.1 d/million Btu fuel. A charge  of 1 mill is worth 3.4d/million Btu pipeline gas .  

$93,245,000. With coal a t  16.1d/ 

Approximately 20% of the gas  pr ice  is 
This  cos t  is based on a nearby 

Table  2 gives f igures  f o r  the pipeline gas  plant on the overal l  conversion 
of i n p u t  thermal  energy to product heating values. 
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Tab le  1. ECONOhlIC SUMMARY FOR PIPELINE CAS PLANT THAT 
PERFORMS HY DROGASIFICATION O F  COAL USING SYNTHESIS GAS 

? c o  v 1 n? uL. I - r - . .  n ~ 7  
L.J" A I" U L U I U C I Y ,  , J ,  

p i a d .  -. P -  - 
Total Investment $93,245,000 

Coal Required 17,790 tons /day 

By-product C h a r  

Operating Cos ts ,  $ / Y e a r  

U L L  u a a  

4 1 60 tons /day 

Coal, a t  16.16/106 Btu 

E lec t r i c  Power a t  3 mi l l s /kWhr  a t  
P r o c e s s  Voltage 
Other Operating Expenses 

Tota l  Operating Expense 

By-product C redi t  

Cha r  and  P re t r ea tmen t  F ines  5,398,000 

Sulfur 1,632,000 

7,030,000 

Net Operating Expense 

Return Dlus Fede ra l  Income Tax,  
LO-yr Average 

2 3,377,000 

8,410,000 

13,636,000 

45,423,000 

(7,030,000) 

38,393,000 

4,867,000 

43,260,000 

20 -y r  Average P r i c e  of Gas - 51.ld/1O6 Btu 

Table 2. PIPELINE GAS PLANT CONVERSION EFFICIENCY 

In. lo6  B tu /h r  

Coal 18,369 

Electr ic i ty  1,162 

Total 19,531 

Overall  Eff, d 75.6 

Coal 18,369 

Fuel  for 2,910 
Elec t r ic  Power  
a t  40% Eff 

Total 21,279 

Overall  Eff, 4 69.5 

Out, lo6 Btu/hr  

P roduc t  Gas 10,776 

By-product  C h a r  4,006 

14,782 

14,782 

i 
I 
I 
! 

I ! 
I 

I 

i 

i 
I 

1 
/ 

\ 

I 
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If the input e lec t r ic  energy to the gas i f ie r  is included, the overa l l  efficiency 
lor  the gas  plant is 75.6%. However, if the fuel energy required to produce the 
c lcc t r ic i ty  a t  40% efficiency is  counted as an  input, the overa l l  fuel conversion 
efficiency drops to 69.5%. Power  requirements  f o r  the pipeline gas  plant a r e  
summar izcd  in Table 3 .  

Table 3. PLPELINE GAS PLANT POWER SUMMARY 

k W  
Electrothermal  Gas i f ie rs ,  Pu rchased  P o w e r  340,120 

E lec t r i c  Motors, Pu rchased  P o w e r  15,340 

Steam Turbine Drives  Powered by Heat Recovery . 47,330 
Steam 

Total  Power  402,790 

, The e lec t ro thermal  gas i f ie r  consumes 84% of the total plant power,  of which 
8 6 %  is purchased. 
dr iven  by s t eam generated f r o m  waste heat that  otherwise would be re jec ted  to 
cooling water.  

Of the total motive power,  76% is supplied by s t e a m  turbines 

Table 4 summar izes  the heat recovery plus p rocess  cooling f o r  a pipeline 
The table shows the amounts and t empera tu re  levels of heat requi re -  

Heat going to cooling water  could be used to  prehea t  the feed- 

gas  plant. 
ments  and where t h e r e  might be possibil i t ies of energy interchange with a n  ad ja-  
cent power plant. 
water  f o r  the power plant turbine in the low-temperature  p a r t  of the cycle. 
Instead of using it to generate  low-temperature  steam, the 870 mill ion B tu /h r  
of hydrogasifier eff1uent.h cooling-from 750" to 280"F, could be used to heat the 
turbine feedwater a t  the higher temperature .  The requi red  regenera t ion  s team,  
796,000 lb /h r ,  could then b e  extracted f r o m  the power plant turbine a t  100 psia, 
thus saving the heat going to cooling water.  

ELECTRIC POWER GENERATION 

Integrated power production and industrial  operation has  been previously 
suggested. A recent paper  p re sen t s  a genera l  discussion of the var ious  aspec ts  
of th i s  question (3). The  p resen t  paper  d i scusses  the potential f o r  integration of 
pipeline g a s  plants and power plants. 
specific c a s e  and is designed to show the advantages of joint operation. M'e have 
not es t imated all the economic effects no r  optimized the conditions fo r  joint pipe- 
line gas  and power production ve r sus  s e p a r r t e  operation. 
calculations of the effect of energy interchange on the power plant cycle. 

This prqsentation is a n  initial look a t  a 

However, we made 

F igure  2 shows a simplified drawing of a typical modern  power plant cycle. 
The efficiency of such a cycle f o r  a given boiler efficiency is  ra i sed  by decreasing 
the hea t  going to cooling wa te r  per kWhr of energy generated.  
by the cxpanslon of mos t  of the steam to a ve ry  low p r e s s u r e ,  1 -2  in. Hg, followed 
by condensation. 
t empera tu re  of the feedwater to the  500"-550"F level. 
be used i n  a typical sys t em,  with progress ive ly  higher extraction s t eam and feed- 
water  temperatures .  
sys t em because,  although the ex t rac ted  s t e a m  does not expand to the lowest p r e s -  
s u r e ,  the heat that  would otherwise go to  cooling water  1s recovered to heat the 
boiler feedwater.  

This  i s  accomplished 

Intermediate extraction of s t eam f r o m  the turblne r a i se s  the 
Eight feedwater heaters may 

This  sys t em produces a higher efficiency than a r,onextraction 
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Methods to  rapidly de te rmine  the improvement  in heat r a t e  resulting f r o m  
> 

t 

feedwater heating have been published (2). 
of 3000 Psig a t  1000°F. with expansion to 2 in. Hg, the nonextraction input to 
s team heat a t  100% turbine efficiency i s  7730 Btu/kWhr. With a n  average  turbine 
efficiency of 87 % and a boiler efficiency of 90%, the overal l  heat r a t e  will be 9870 
Btu/kWhr and ove ra l l  efficiency will be 34.6%. However, with extraction feed- 
water heating to 500°F (F igu re  2). the heat r a t e  is reduced to about 8500 Btu/kWhr, 
corresponding to  the 40 % overal l  efficiency typical of modern  power plants. 

Thus, f o r  init ial  s t eam conditions 

v ’  

JOINT PIPELINE GAS AND ELECTRIC POWER GENERATION 
I 

If all o r  most  of the turbine feedwater prehea t  can be obtained f r o m  waste 
heat in a n  adjacent pipeline gas  plant, then the s t e a m  that  would otherwise be ex- 
t racted can be expanded to the lowest p re s su re ,  1-2 in. Hg. with a n  increase in 
power output p e r  Btu of boiler input to the s t e a m  cycle. ’ 

,- 

I 

I 

, 

Calculations have been made  f o r  two such  cases ,  with the resultant heat 
r a t e s  based on the above boiler and turbine efficiencies. In the f i r s t  case,  F igu re  
3, the turbine feedwater abso rbs  low-temperature heat f r o m  methanation reactors ,  
the regenera t ion  tower s t eam condenser, and waste heat that otherwise would be 
used to genera te  low-pres su re  regeneration s t eam fo r  hot carbonate scrubbing 
units. The requi red  low-pres su re  s t e a m  is then obtained by extraction f rom the 
power plant turbine a t  100 psia. Waste heat recovered  in  the gas  plant to genera te  
s t eam f o r  individual turbine d r ives  is not used  to prehea t  the feedwater fo r  the 
l a r g e  power plant in  this case. To complete the preheating of this feedwater to 
500°F. some extraction i s  necessary .  

The  power cycle a s sumed  f o r  these calculations is the expansion of 3000 
psig, 1000°F s t e a m  to 700 psia followed by reheating to  1000°F.‘ Part of the 700- 
psia s t e a m  i s  used fo r  the heating p r i o r  to reheat.  Except for the extraction of 
796.000 l b / h r  s team,  as noted above, at 100 psia f o r  use  in  the g a s  plant, mos t  of 
the s t eam then expands to  2 in. Hg. 
with this system is 43.0%; the heat rate is  7940 Btu/kWhr. 

The  overal l  efficiency fo r  the power plant 

If no turbine s t eam is genera ted  in  the pilot plant, this hea t  can then be  used 
to r a i s e  the power plant turbine feedwater to approximately 500°F.  In the scheme 
shown in F igure  4, t he re  is no extraction f o r  feedwater preheat,  but 100-psia s team 
i s  again extracted f o r  u se  in the  gas  plant. At t hese  conditions, the overall  effici- 
ency i s  46.7% and the hea t  r a t e  is 7310 Btu/kWhr. However, in  the second case,  
402.800 kW must  be sen t  to the gas  plant compared to 355.460 kW when pa r t  of the 
motive power is provided by individual s t eam turbines in the gas  plant. In a n  inte- 
gra ted  operation the re  may be  capital  cost  advantages in having all the power gen- 
erated in a very  l a r g e  unit because of economies of scale.  However. t he re  would 
be a charge for  the added 47,330 kW s e n t  to the gas  plant, which reduces the effect 
of savings in the capital  and fuel components of power cost .  The exact cost  would 
have to  be derived f r o m  the total operation as  influenced by the improvements 
resulting f rom the integration of gas -e l ec t r i c  operation. 

ADVANTAGES OF INTEGRATED OPERATION 

The  effect Of integrated operation is to increase the overal l  efficiency of coal 
conversion to pipeline g a s  plus electricity f o r  s a l e  f rom 64.8% f o r  s epa ra t e  opera- 
tion to 66.5% fo r  joint operation. 

\ 

\ 

A single cooling-water facility could be used for  both gas  and electr ic  plants. 
Superheating of the p rocess  s t e a m  f o r  the g a s  plant (31 4 million Btu/hr)  can be 
c a r r i e d  out m o r e  economically in the power plant boiler (6 billion Btu /hr  level) 
a s  an  incremental  i nc rease  in  the superhea ter  section than a s  a separately f i red 
superheater .  Cooling-water requirements f o r  the gas plant a r e  great ly  reduced. 
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r h i s ,  plus t h e  economies of sca le ,  can save  s e v e r a l  million dol la rs  in offsite 
costs.  

Since the gas plant opera tes  on a 90% annual s t r e a m  fac tor ,  the load factor 
f o r  the power plant will be  improved ove r  the more  typical 60% industry average. 
This  improvement, plus the improved fuel economy, could reduce power cos ts  on 
the o r d e r  of 1 mill /kWhr.  
Table  1 is the high load f ac to r  result ing f rom joint operation. 

P a r t  of the bas i s  f o r  the 3-mill  power cost used in 

Spent cha r  f r o m  the gas  plant can be used  as fuel f o r  the power plant. k 
high-sulfur coal, a l iabil i ty in power generation, can  be a n  a s s e t  in hydrogasifica- 
tion. During hydrogasification. mos t  of the sulfur is converted t o  X i s ,  f r ~ m  which 
the sulfur can be recovered  and sold as a by-product. 
des i  n used a s  a bas is  for this study, a 4.4% sulfur coal yields a char  containing 
1.7 3 sulfur.  To  inc rease  the production of char ,  the percentage conversion during 
hydrogasification can be decreased ,  raising the  coal throughput fo r  constant gas 
production. 
that obtained f rom the synthesis gas ,  which, in turn, gives a lowered gas  price.  
The degree  of coal conversion to gas  would have to be optimized in relation to the 
g a s  -e lec t r ic  operations.  

In the  pipeline gas plant 

More hydrogen can then b e  obtained f r o m  the toal, which reduces 

Not only the deg ree  of conversion, but the s i zes  of the gas  and the power 
plants would need to  be  optimized. A combination gas  -e lec t r ic  utility interested 
in  a pipel ine-gas-from-coal  plant would a l so  find the study of integrated operation 
of in te res t .  

Integrated gas -e l ec t r i c  operations would involve regulated industries,  with . 
s i m i l a r  ra tes  of return.  
operation, where the  differing r a t e s  of r e tu rn  and depreciation cause more com- 
plicated cost allocation. 

This  is not t rue ,  however, f o r  joint power plant-industrial 

As a re su l t  of potential savings in  gas  plant investment  and power charges, 
i t  appea r s  that the p r i ce  of gas  can be reduced by seve ra l  cen t s  p e r  million Btu 
compared to completely s e p a r a t e  operation. 

In summary ,  the following advantages a r e  possible f o r  an  integrated opera- 
tion: 

1. 
2. 

Increased power plant efficiency and load fac tor .  

Reduction of investment  fo r  the pipeline gas  plant through economies of scale 
by combining facil i t ies fo r  power generation, s t eam superheat,  and cooling- 
water  facil i t ies with those of the power p l an t .  

3 .  Lowered pipeline gas  p r i ce .  

4.  Product ion of low-sulfur  power plant fuel as a by-product of the pipeline gas 
plant, thus reducing air pollution problems when high-sulfur coal is used. 
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As a p a l  t of the s t l l d y  n!l cy t i1 ; i z l t i o : :  ~f can: E z s l f i i a i i c i n  pccicesscs 
f o r  tlie p roduc t ion  of p j p r l i n c  g a s ,  o p t i n i z a t i o n  of methaliaLion 
p rocesses  is pcrforiiaed. 

S ince  t h e  h e a t  of r e a c t i o n  for t h e  methdnatIon r e a c t i o n  i s  s o  
l a r g e  t h a t  h e a t  removal froail tlie reactor i s  the major problem i n  t h e  
p rocess  d e s i g n .  

Various s y s t c n s  of c a t a l y t i c  f j x c d  bed r e a c t o r s  are  considered. 
They a r e  t h e  a d i ? h n t i c  s y s ~ c i i ,  t h e  heat  e x t r a c t i o n  system, t h e  co ld  
quench s y s t c n  and t h e  r e c y c l e  s y s t e d .  The s i z e  of t h e  p l a n t  considered 
i s  f o r  t h e  p roduc t iou  of 250 A IO9 U.t .u . /day of p i p e l i n c  gas. 
d i f f c re : i t  feed  gas composi t ions l i k e l y  t o  rcsc i l t  fro:? the  primary 
g a s i f i c a t i o n  phaqcq  arc t r e a t e d .  Only t h e  t o t a l  equipneqt  c o s t  of 
t h e  m t h ? n a t i o n  p rocesses  is cons idc rcd .  

Three 

P r i o r  t o  the opt . i : i ! izat ion o f  tile n:etlianatjon p rocesses ,  the  . 
h e a t  e x c h ~ n g e r  opti;::; z a t i o n  i s  pcrfori:led. A computer s imula t ion  .of 
t h e  methanat ion p r o c e s s  is t h e n  p r o g r a x e d  based  on the k i n e t i c  
iufori , iat ion,  t h c  cost  in fo rma t ion  and h e a t ' a n d  m a t e r i a l  ba lance .  
S u i t a b l e  t echn iques  of o p t i n i z n t i o n  for t h e  methnqa t i o n  p rocesses  
arc! s c l e c t e d  and t h e  opcimum concliti.ons and d e s i g n s  of t h e  v a r i o u s  
systcnis are found. 

The resu1.t i n d i c a t e s  t h a t  f o r  the low C0 c a s e ,  an  a d i a b a t i c  
r e a c t o r  vi thouy i n t e r n a l  or i.nteri!icdiate coo l ing  is t h e  most econnoiical 
sys t em.  For tlie i n t e r i w d i a j c  C.0 and higli CO c a s e s ,  t h e  co ld  quench 
system o f f e r s  tlic E ! i i i i i x m  t o t a l .  e q u i p w n t  c o s t ,  Cost of equi.pricqts 
a s s o c i a t e d  \.:it11 h e R L  rcxoval  i s  found t o  occupy the major p o r t i o n  p f  the 
t o t  a 1 equ j.pir.cn t c o s t  . ', 

From t h e  c i p c r a t i c ~ n a l  a!id iiiaintciiance p o i n t  of view, t h e  r e c y c l e ,  
system S('Cii!s t o  b r  the e a s i e s t  wlii1.e t h e  hnat  e x t r a c t i o n  s y s t c n  ,seeins 
to be most d i f f i c u l t  t o  coiitro!. 

T h e  e f i c sc r s  of  tc,;,!pc:r;itt!t-c l l r ~ ! s ~ ; ~ ~ ~ - c ~  011 t l i c :  opt iz iJ i : i  design of ' I 

tlrr: prcccss  z r c  c i  i scus,:c-;!. 'i'lic sy>: i  L ' T  ~p>rcti:!i.t(:r~ vllicli a f  f c d t  tlic 
optii::ur.; d c h j r i i  o:  t l i c :  1iror:t::;: .?re jcienti fjed 
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1. INTRODUCTION 

i 

The g a s i f i c a t i o n  of c o a l  t o  produce ne thanc  as a s u b s t i t u t e  f o r  
a supplement t o  p i p e l i n e  n a t u r a l  g a s  i s  c u r r e n t l y  bejng e x t e n s i v e l y  
s tud ied  under t h e  sponsorsh ip  of t h e  O f f i c e  of Coal Research, 
Department of t h e  I n t e r i o r .  

Although a v a r i e t y  of r o u t e s  and s e v e r a l  raw m a t e r i a l s  are being 
i n v e s t i g a t e d ,  i t  appears  t h a t  any system f o r  g a s i f i c a t i o n  of c o a l  w i l l  
r e q u i r e  a d d i t i o n a l  u n i t s  f o r  convers ion  of excess  carbon monoxide and 
hydrogen t o  methane t o  ach ieve  h e a t i n g  v a l u e  equ iva len t  t o  n a t u r a l  gas .  

The magnitude of methanation w i l l  vary  cons ide rab ly ,  depending 
on t h e  undecided cho ice  of t h e  p rocess  i n  t h e  primary g a s i f i c a t i o n  
phases.  The degree  of methanation may va ry  from a major o p e r a t i o n  
invo lv ing  convers ion  of t h e  feed  gas  con ta in ing  a minor amount of 

1 methane t o  s imple  gas  composition clean-up. 

S ince  i t  i s  p r e s e n t l y  imposs ib le  t o  p r e d i c t  t h e  exac t  composition 1 
of t h e  gaseous e f f l u e n t  from t h e  v a r i o u s  primary c o a l  g a s i f i c a t i o n  
p rocesses ,  t h e  composi t ions  of t h e  t h r e e  d i f f e r e n t  f e e d s  as  l i s t e d  
in Table  1-1 w i l l  be cons idered  a s  approximate gas  mix tu res .  

I 

Although CO concen t r a t ion  a s  h i g h  a s  25% can be  cons ide red ,  
l ack ing  a c t u a l  exper imenta l  r e a c t i o n  r a t e  d a t a  a t  such a h igh  CO 
concen t r a t ion  l e v e l ,  i t  is no t  p o s s i b l e  t o  make a r easonab le  assessment 
of t h e  p rocess  f o r  t h i s  ca se .  Bes ides ,  f o r  such a high CO concen t r a t ion  
f e e d ,  r e c y c l e  system i s  more than l i k e l y  t o  b e  used f o r  excess  h e a t  
removal, some methane w i l l  b e  p re sen t  a t  t h e  r e a c t o r  en t r ance .  The 
gas  compositions l i s t e d  i n  T a b l e  1-1 may r e s u l t  from t h e  primary g a s i -  
f i c a t i o n  phases  now under i n v e s t i g a t i o n  a f t e r  t h e  ad jus tment  of t h e  
composition by t h e  water-gas s h i f t  r e a c t i o n  and p u r i f i c a t i o n  is made. 

I 

Since  t h e  methanat ion  r e a c t i o n  i s  a h i g h l y  exothermic r e a c t i o n ,  
t h e  h e a t  removal from t h e  r e a c t i n g  g a s  becomes t h e  major problem 

I in economic op t imiza t ion .  Seve ra l  t ypes  of methanation r e a c t o r s ,  
I such a s  f i x e d  beds  and f l u i d i z e d  beds ,  have been t e s t e d  on p i l o t  p l a n t  

I F lu id i zed  bed o p e r a t i o n  is found t o  be d i f f i c u l t  because  of 

s c a l e .  

I 

t e c h n i c a l  problems involved .  P a r t i c l e  e l u t r i c - t i o n  caused by the  
breaking  of c a t a l y s t  p e l l e t s  may become seve re .  I.ack of ruggedness 
of t h e  c a t a l y s t  and t h e  u n a v a i l a b i l i t y  of sma l l  p a r t i c l e  s i z e s  
prevenLs good f l u i d i z a t i o n  of c a t a l y s t s .  The re fo re ,  t h r e e  types  
of f i x e d  bed downilow c a t a l y t i c  r e a c t o r s  a r e  cons ide red .  They a r e :  

\ 

t i \  
, 

1. The h e a t  e x t r a c t i o n  system. 
2 .  The co ld  quench system. 
3 .  The r e c y c l e  system. 
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A. 350 B.t.u./SCF Gas 

Low CO Case 

Fccd Cas Product  Gas 
[ 1b,rnole/hr.] [mole :! ] [lb.mole/hr.) [mole%] ( d r y  hasc) 

-- ----=-- -.-.- - ---=w- .----- 

23,962. a 75.500 25,355.1 92.109 
1,419.9 4.474 27 ..5 0.100 

C"4 

1'2 
co2 
H 2 0  

T o t a l  31,738.8 100.0 28,954.1 100.0 
N2 

CO 
5,594. ft 17.626 1,417.4 5.145 

63.5 0.200 63.5 0.231 
31.7 0.100 1,424.1 0.000 

666.5 2.100 666.5 2.421 

I n t e r m e d i a t e  CO Case - - 
Feed Gas Product  Gas 

[ Ib.rnolc/lir. ] (mole%] [ lb .mole/hr . )  [moleI] ( d r y  base) 

(314 21,378.8 62.100 24,115.0 92.100 

9,562.3 27.776 1,353.8 5.179 
68.9 0.200 68.9 0.263 

619.7 1.800 619.7 2.367 

co 2,762.4 8.024 26.1 0.100 
H2 

34.4 0.100 2,770.6 0.000 
co2 
H 2 0  
N2 

34,426.5 100.0 28,954.1 100.0 T o t a l  

High CO Case 

Fecd Gas Product  Gas 
[ lb .Eole /hr .  J [mole% J !Ib.mole/hr.] [moleS] (dry basc) 

r - -  ._I-. A- -------:- ------- _-- 
~114 l G ,  137.5 41.400 21,724.3 92.100 
co 5,359.3 13.508 23.6 0.100 

1 7 ,  107.2 43.192 1,126.9 4.777 
118.8 0,300 llU.8 0.504 

1'2 

39.6 0.100 5,366.b 0.000 
CQ2 
1120 
N2 594.1 1. so0 594.1 2.519 
T o t a l  33,607.5 100.0 28,954.1 100.0 

i 

1 
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1:. 900 I I . t . I I . /SCI :  cos  

Intcrniedinte C.0 Case --- -- ..-- 

Feed Cas P r o d u c t  Gas 
[ 1L .mol e /hr  . 1 [ ~ I I O I C I  J [ I b . n o l c / h r . ]  [mole%] ( d r y  base) 

Cl!4 22,004.3 62,100 24,43Q, R 87,000 

112 10,221.7 28.847 2.91 5 .2  10.377 
CO 2,46 3.6 6.953 28.1 0.100 

CO2 70.9 0.209 70.3 0.252 
1120 35.4 0.100 2,470.0 0.090 

Total  35,433.7 100.0 39,562.7 100 a 0 
.' 7. 637.8 1,800 637, S 2 . 2 7 1  
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The d i s t i n g u i s h i n g  f e a t u r e s  among t h e  t h r e e  system are t h e  manners 
by whicli l ieat  i s  rcmoved and the  teiiipcrnture i s  c o n t r o l l e d  i n  t h e  r e a c t o r s  

The goa l  of t h i s  s t u d y  i s  t o  economical ly  e v a l u a t e  t h e i r  r e l a t i v e  
t e c h n i c a l  iocrits f o r  p r o s p e c t i v e  a p p l i c a t i o n  ir .  c o a l  g a s i f  icaCion 
p r o c e s s e s .  To acliievc t h i s ,  i t  will r e q u i r e  a l l  t h r e e  r e a c t o r  systems 
b e i n g  ana ly icd  from b o t h  t h e  t e c h n i c a l  and econniiiic p o i n t s  of view. 
Each coi,lpoficiit in for innt ion  must bc i n t c s r a t c d  by programming i t  i n t o  t h e  
computer f o r  s i n u l n t i o n .  F i n a l l y ,  optiriuv c o n d i t i o n s  must be searched  by 
a n  a p p r o p r i a t e  t e c h n i q u e  t o  a r r i v e  a t  t h e  b e s t  economic process  and d e s i g n .  

The fo l lowing  s p e c i f i c a t i o n s  and b a s e s  a r e  chosen i n  t h i s  s t u d y .  

9 1. 

2. 

P roduc t ion  r a t e  is 250 x 1 0  

The product  g a s  should have a h e a t i n g  v a l u e  of approximately 
950 B.t.u./S.C.F. or t h e  product  gas should c o n t a i n  
approximate ly  92.1% methane on a d r y  base .  I n  a d d i t i o n ,  
t h e  c o n c e n t r a t i o n  of CO must be less than  0.1%. Product  
gas w i t h  h e a t i n g  v a l u e  of 900 B.t.u./S.C.F. i s  a l so  
cons idered .  

B.t.u./day of p i p e l i n e  g a s .  

3 .  Three d i f f e r e n t  f e e d s ;  low CO case, i n t e r m e d i a t e  CO case 
and h i g h  CO case, are cons idered .  The tempera ture  of t h e  
f e e d  g a s  is f i x e d  a t  100°F f o r  comparison. However, t h e  
e f f e c t  of f e e d  g a s  tempera ture  w i l l  be  d i s c u s s e d .  The 
p r e s s u r e  of  t h e  feed  gas  i s  v a r i e d  up t o  1 0 6 5 ~ p s i a .  

The composi t ions  of f e e d  g a s e s  and corresponding product  
gases are  l i s t e d  i n  Table  1-1. I n  a d d i t i o n ,  t h e  feed  
gas c o n t a i n i n g  20X CO i s  a l s o  d i s c u s s e d .  

4 .  

Since  i t  i s  p r e s e n t l y  imposs ib le  t o  e s t i v a t e  t h e  costs  of t h e  
various f e e d  gases  which depend l a r g e l y  on t h e  primary g a s i f i c a t i o n  
p h a s e s ,  on ly  t h e  cquiprient costs are cons idered .  However, i n  t h e  
o p t i m i z a t i o n  s t u d y  of h e a t  exchangers ,  i n  a d d i t i o n  t o  equipment c o s t ,  
c o o l a n i  vater c o s t  and steam b e n e f i t  are a l s o  cons idered .  

Af:er q t i m i z a t i o n  of t h e  sub-systcm which i n v o l v e s  t h e  pr imary 
g a s i f i c a t i o n  phases ,  p u r i f i c a t i o n  phases  and o t h e r  necessary  phases  
I n c l u d i n g  methanat ion phases  has been completed, t h e  o v e r a l l  p l a n t  
o p t i m i z a t i o n  w i l l  be  performed. Costs n o t  inc luded  i n  t h e  methanat ion 
s t u d y  w i l l  then be taken i n t o  c o s s i d c r z t i c n  5:: t h e  overall p l a n t  
o p t i m i z a t i o n  s t u d y .  However, t h e  o p t i m i z a t i o n  based on t h e  equipncnt  I 

costs a l o n c  a t  t h i s  s t a g e  should b e  s u f f i c i e n t  t o  p r o v i d e  necessary  
i n f o r m a t i o n  f o r  t h e  s e l e c t i o n  of t h c  b e s t  s y s ~ c n  among t h o s e  cons idered  
f o r  methanat ion.  

I 

r 
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2 .  REACTION. K I N E T I C S  ' 

(1) React ion  Rate Express jons  f o r  Nethanat ion  React ion 

The r e a c t i o n s  t a k i n g  p l a c e  i n  t h e  methanat ion p r o c e s s  a r e :  

1. ?Icthana t i  on Kcact ions  : 

CO + 3H2 = CH4 + H 2 0  

C02+ 41l2 = CH4 + 2H20 

2CO;t 2H2 = CH4 + C 0 2  

2 .  \cater-Gas S h i f t  Reac t ion :  

CO + H20 = C 0 2  + H2 

3 .  Carbon Depos i t i on  Reaction's: 

2co = c + CO2 

CO + H g  = C + H20 

CH4 = C + 2H2 ( 2 - 7 )  

Although r e a c t i o n s  ( 2 - l ) ,  ( 2 - 2 ) ,  (3-3) and ( 2 - 4 )  nust t a k e  p l a c e  t o  
a l a r g e r  o r  smaller exLent r e g a r d l e s s  of t h e  feed  composi t jons enployed, 
f o r  a high hydrozcn c o n c e n t r a t i o n  f e e d ,  on ly  a small  amount of C02 
has becn d e t e c t o d  e \per imenta l ly  [ I ] .  T h e r e f o r e ,  r e a c t i o n s  ( 2 - 2 ) ,  
(2-3) and ( 2 - 4 )  ' l ay  be regarded as secondary r e a c t i o n s .  

Because carbon d e p o s i t i o n  reduces  t h e  c a t a l . y s t  a c t i v i t y  d r a s t i c a l l y ,  
i t  is. impera t ive  t h a t  a range of tempera ture ,  p r e s s u r e  and feed  
co1:ipositions w i t h i n  which no .carbon d e p o s i t i o n  t a k e s  p l a c e  must b e  
found.  Thcse c o n d i t i o n s  will become t h e  c o n s t r a i n t s  i n  t h e  o p t i m i z a t i o n  
o f .  t h e  processes .  

A number of ca t a lys t s  have been i n v e s t i g a t e d  f o r  methanat ion  
r e a c t i o n s .  T h e  b e s t  c a t a l y s t  f o r  which k i n e t i c  d a t a  are a v a i l a b l e  
S C C ~ S  t o  h e  Harshnw Xi-0104 T and Harsliaw Ni-9116 T having a n  average  
particle iiameter of 1 / 4  inch  and 1/8 i n c h ,  r e s p e c t i v e l y .  
c o n t a i n s  59;: K i ,  i t  has been shown t h a t  t h e  c a t a l y s t  behaves s a t i s f a c t o r i l y  
i n  t h e  te:.;pei-attire range  frn:;i 5 5 0 ° F  t o  850°F and the  prcssiirc range  
from 1 4 . 7  to I O n n ,  psi.a v.ri thot:~ any carbon d e p o s i t i o n  [ 1 5 ] .  

T h i s  c a t a l y s t  

A q u a n t i . t n t i v c  k i n e t i c  r a t e  e s p r c s s i o n  of t h e  iiicehan.?tion r e a c t i o n  on 
tlie llarsiiav c.atall;sL i.s v e r y  d i f f i c u l t  t o  o b t a i n  because Extens ive  
a c c u r a t e  kin?:  i c  d a t a  a r c  not  a v a i l a b l e .  T h c r c f o r e ,  i t  i s  necessary  
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t o  s impl i fy  t h e  r e x t i o n  ii:ccliaiiism t o  cqns ide r  on1.y r e a c t i o n  (2-1) .  , . . .  
The csperis ie i i ta l  d a t a  obta ined  f r o a  I.G.T. [15]  using Harsl!aw c a t a l y s t s  , . ' , 

can be c o r r c l a t e d  by t1.70 ci:ipirical equat.ioiis, onc f o r  the tei;iperature 
range  e t  550 t o  600°F i.;liercl r e a c t l o n  I - a t c  i s  control.1ing and another  
equa t ion  f o r  t m p e r a t u r e  range  of 600 t o  850°F wliere d i f f u s i o n  i s  tli? 
r a t e  cont ro l . l ing  f a c t o r .  

The e m p i r i c a l  r a t e  equat ions  obta ined  a r e :  

1. For tempera ture  between 550°F and 600'F: 

r = 120 exp [ -  15,660 , po,7 p0.3 
C l i 4  R(T+460> co H2 

2. For tempera tures  between 600°F and 850°F: 

r = 0.0696 P;O7 
CH4 H 2  

(2-8) 

These equa t ions  a r e  adequate  f o r  t h e  p r e s e n t  op t imiza t ion  purpose i n  
g e t t i n g  a r easonab ly  a c c u r a t e  assessment of t h e  v a r i o u s  processes  and 
subsequent s tudy  shows t h a t  t h e  o v e r a l l  optinium c o s t  of t he  r e a c t o r  
systen! i s  not  v e r y  s t r o n g l y  a f f e c t e d  by t h e  k i n e t i c  cxpres s s ions .  

(2)  Approach t o  Equi l ibr ium 

Although t h e  above k i n e t i c  expres s ions  were obta ined  from the  
exper imenta l  r a t e  da ta  of t h e  methane fo rn ing  r e a c t i o n s  on  t h e  Harshav 
c a t a l y s t  i nc lud ing  t h e  runs under equ i l ib r ium hindrance ,  t h e  equat ions  
do n o t  p rov ide  the r e v e r s e  r e a c t i o n  term. 
t o  a s s u r e  t h a t  t h e  r a t e  equat ions  are not app l i ed  t o  cor .d i t ions  too 
c lose  to the e q u i l i b r i u m .  

I t  would then  be necessary  

The equ i l ib r ium cons tan t  based on mole f r a c t i o n  f o r  t h e  niethanaLion 
r e a c t i o n  expressed  as 

(2-10) 

and computed from t h e  va lues  g iven  by the  Bureau of Standards [ 1 4 ] ,  i s  
p l o t t e d  i n  F i n u r e  2-1 with  t h e  ope ra t ing  p r e s j u r e  a s  t h e  parameter ,  
Here, x; r e f e r s  t o  t h e  equ i l ib r ium r o l e  f r a c t i o n  of each component. 
As slioun i n  the f i g u r e  the  equ i l ib r ium c o n s t a n i ,  1: ..., i s  a f f e c t e d  by the 

p re s su re  and v e r y  s t r o n g l y  by t hc  ternpcrature.  The equ i l ib r ium c o n s t a n t  
f o r  t h e  water  g a s  s h i f t  r c a c t i o n  expressed a s  

X: 
I 

i 
/ 
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I\ 

a 
(2-11) 

is a l s o  c a l c u l a t e d  fror i  t h e  Ih reau  of Standards [14] and i s  p l o t t e d  i n  
F igu re  2-1. The e x t e n t  of approach t o  t h e  equ i l ib r ium f o r  t h e  methane 
r e a c t i o n  can be  eva lua ted  by coixputing t h e  mass a c t i o n  law r a t i o  of 
t h e  produrc [ : n s c s ,  K de f ined  as  

x. ' 

(2-12) 

I x's are t h e  mole f r a c t i o n  of each component p r e s e n t  i n  t h e  r e a c t o r .  
1 I t  i s  decided a r b i t r a r i l y  t o  ma in ta in  Kx < Kx"/10 a t  a l l  time t o  

1 1 
a s s u r e  t h e  n e g l i g i b l e  r e v e r s e  r e a c t i o n .  Wenever  t h e  above c r i t e r i o n  
I s  exceeded i n  t h e  r e a c t o r ,  t h e  temperature  of t h e  r e a c t o r  i s  lowered 
t o  t h e  p o i n t  where t h e  above c o n d i t i o n  i s  a g a i n  s a t i s f i e d .  Such 
p rov i s ion  i s  necessary f o r  t h e  h igh  C O  case p a r t i c u l a r l y  near  t h e  e x i t  
of t h e  r e a c t o r .  

(3)  

t 
I 
I 

Xass and Heat T r a n s f e r  kJ i th in  C a t a l y s t  Bed 

S ince  t h e  methanat ion r e a c t i o n  i s  h i g h l y  exothermic and q u i t e  
I 

r a p i d ,  i t  w i l l  b e  necessa ry  t o  examine t h e  p o s s i b l e  temperature  and 
concen t r a t ion  d i f f e r e n c e  between t h e  b u l k  phase of r e a c t i n g  g a s  and 

phase and t h e  c a t a l y s t  s u r f a c e  can be  approximated by 
I t h e  s u r f a c e  of t h e  c a t a l y s t .  Temperature d i f f e r e n c e  between t h e  b u l k  
I 

Vhen p a r t i c l e - f l u i d  r ad iaL ion  may b e  nee]-ected,  h can b e  c a l c v l a t e d  
P by [ I 7 1  

(2-13) 

A maximum t c n p e r a t u r e  d i f f e r e n c e  (T - Tb) can be c a l c u l a t e d  when 
max 

t h e  maxiinuin r e a c t i n n  r a t e  i s  used .  !glen t h e  tcinperature d i f f e r e n c e  
i s  too  g r e a t ,  many undcsj  r a b l e  phei:ocier.a ii!,?) takc: p l a c e .  A niinjiiium 
mass flow r a t e  corre::pcnding t o  an a1  lova!ile te-!pcratiire d i - f f e rence  
e x i s t s  f o r  a g jvcc  I-cact ion r n t c .  Th i s  becories onc of t h e  c o n s t r a i n t s  
i n  tllc I-,'-:r tp: '  opti;:;i z.7 t j o i ~ .  Espci-inci?tal  n ieasurc  I: of t en ,pera ture  

c on t h e  Hnl - r . i i - .~ .~  caL.alyst c:.rricd o u t  by . ' r .  [].SI i n d i c a t e s  
tc:.:pcraturt, : ' i f fe rence  o O F  f o r  the i i i re r -  

0 c a s e  u n t 1 c r  i.u::pleti. n i i s  

As t h e  r c a ? t i o i i  i s  q1ij.t.c c:.:othci.;;'j.r., i t  is a l s o  nccc-sssry t o  check 
t h e  tc::.:pcratiirr. gr;:d:!:nt j i i  t h e  catc1:;st p a r t i c l c s .  If tlie r c a r t i o n  
t a k e s  p1nc . t  uii jrorxl: :  i r ,  t h c  c:!talyst  p a r t i c l . ~ ,  ~ l i c  h c a t  h n l ~ n c c :  e.o,uaLion 
i n  tiic cat::ilys? c ~ ! i  be  w r i t t e n  as 
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(2-1.5) 

u h c r e  ke, tiic r f  i e c t i v e  thermal  c o n d u c t i v i t y  of t h e  ca t a lys t  p a r t i c l e s ,  
is cxpresscd as 

Using t h c  proper boundary c o n d i t i o n s ,  Eqiiation (?-15) can  b e  so lved  
f o r  t h e  tenpera t t i re  w i t h i n  t h e  c a t a l y s t  p e l l e t  as,  

(2-17) 

Numer ica  1 ca 1 c u l a  t i o n  shows the l a r g e s t  temp '?ra t u r  e d i f f e r e n c e  
i n  t h e  catalysts p a r t i c l e  t o  b e  about  30'F. 

The c o n c e n t r a t i o n  d i f f e r e n c e  between t h e  bulk  phase and a t  t h e  
s u r f a c e  of c a t a l y s t  p e l l e t s  c a n  b e  e s t i m a t e d  by - 

(2-18) 

where kf i s  t h e  f l u i d - p a r t i c l e  mass t r a i i s f e r  c o e f f i c i e n t  i n  a packed 
bed and i s  cmputcd  by [SI 

-0.41 
= 1.40 [ -- dPG ] (2-19) JM 

(l--C)0.2 Il(l--E) 

Humerical c a l c u l a t i o n s  show no a p p r e c i a b l e  d i f  f c r e n c e  brtween t h e  ca ta lys t  
s u r f a c e  c o n c e n t r a t i o n s  and t h e  bulk  g a s  c o n c e n t r a t i o n  of each con.ponent. 

p 
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3. KE:\CTOK PI:RFOIL\b\\NCE 1;QU~i'XIONS 

Flow behavior  i n  a f i x e d  bed u s u a l l y  can be rep,r'cscnl:etl e i t h v -  
by t h c  d i s p e r s i o n  i:;rdeI or  by tlic c e 1 . l ~ - i n - s e r i r s  1:1odel . 

. .  

The f o l l o v r i n ~  r . ia t~r jz1.  balance e q u a t i o n s  i r e  obtajned around 
the n-tli c e l l  bascd on t h e  c e l l s - i n - s e r i e s  niodcl: 

The h e a t  ba l ance  equa t ions  around t h e  n-th c e l l  can be obtained 
s i i i i l a r l y  as 

6 6 
T" E c;i F: - T " - ~  I: c;-l ~ r - l  = (111;) pc vn c r - Q~ (3-7) 

i=l i=l i 

The h e a t  of r e a c t i o n ,  A H ,  i s  i n  B. t .u .  p e r  pound mole of CH4 formed and 
i s  g iven  as 

2 
AH = 87787.8 + 11.87 T" - 0.00668 (T") (3-8) 

The  p r e s s u r e  d rop  a c r o s s  t h e  n-th c e l l  can  be computed based 
on Ergun's e q u a t i o n  [6]: 

Ap = 
1 5 0 ( 1 - ~ ) ( - c )  + 1.75 

(3-9) d,G 
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( 1 )  In i!ic:tliG?iiztioii p roccsscs ,  h c n t  escli::n:;ers a r c  r equ i r ed  t o  
prehea t  t he .  f e ~ J  g a s ,  t o  cool tiic prodiict g a s  and t o  coo l  t h e  i n t e r -  
i:iediztc p rodu2 t  i n  t h e  c a s e  0.f the co ld  qiicncli s y s t c a .  

T h e  folloi.!j.ng equ.?tion . is tised t o  csti! i iste t ! ? ~  hea t  exc!:nngcr 
c o s t  based on tile r equ i r ed  heat t r a n s f e r  a r e a ,  A. ( s q . f t . )  [12 ] :  

A 0.56  

5 0  El, = C y  If [850 (-2;) I ,  A > 1,000 f t 2  ( 4 - 1 )  

( 2 )  I n  the h e a t  e x t r a c t i o n  systein, h e a t  genera ted  i n  t h e  r e a c t o r  
m u s t  be removed i n t e r n a l l y .  The f i n  tubes  may be used e f f e c t i v e l y  
f o r  t h i s  purpose  by  embedding tlien i n t o  the  c a t a l y s t .  The c o s t  of 
f i n - tubes  based on t h e  ba re  tube  hea t  t r a i i s f e r  a r e a ,  A b ( s q . f t . ) ,  , 

used  i n  t he  co:iipiitation i s  given as  [ 1 2 1  , 

2 Ab 0.88 
EF = C If [ 3 5 0  (---) I ,  A b  > 1,360 f t  , 

Y 60 (4-2) 

( 3 )  The c o s t  of the I!ars:ia\. c a t a l y s t s  uscd riay be e x p r e s s e d  as  [5 ]  

E = 2.5 \< . ( 4 - 3 )  C C 

( 4 )  The & t i r a t e d  c o s t  of high p r e s s u r e  r e a c t o r  shel.1 i s  based on 
t h e  weight of an e-li>ty r e a c t o r .  The thj.cliness of t h e  r e a c t o r  w a l l ,  
TI, ( inchcs)  , i s  c a l c u l a t e d  bn.sc% on ASXI? b o i l e r  and p res su re  v e s s e l  
code s e c t i o n  S [ 2 ]  g iven  a s ,  

The t o p  and t h e  bottom of t h e  r e a c t o r  a r e  c a l c u l a t e d  based on an 
equ iva len t  f1.a t b l ank  diancatc!r necessary t o  form the requ i r ed  dome. 

The weight of t h e  r e a c t o r ,  I?&, is then computed by 

(4-4 1 

(4-5) 

(6-6) 

(4-7) 
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I 

I 

I 

t 
i 

For a chronic-type tray! 
3.13 

E = 0.216 I f  (U t 5 )  
S 

Tlic t o t a l  t r a y  c o s t  i s  

(4-9) 

(6) The c o s t  of a c o n t ~ o l  v a l v e  can vary  widely depending on t h e  
sizes Fnd is i n t h c r  d i f f i c u l t  t o  e s t i m a t e .  A n  average  of $4,000 per  
v a l v e  is iised i n  t h i s  e s t i m a t i o n .  

(7)  S i n t c  the  hea t  i n s u l a t i o n  c o s t  of t h e  r e a c t o r  i s  r a t h e r  smal l ,  
an approxir ia te  c n s ~  of +.5% of t h e  t o t a l  f i x e d  c o s t  i s  added a s  the  
i n s u l a t i o n  c o s t  [ 3 ] .  

(8) Compressors a r e  needed f o r  cohlpressing t h e  feed pas or  product  gas if 
n e c e s s a r y ,  and f o r  r e c y c l i n g  t h e  product  g a s .  The fo l lowing  e q u a t i o n s  
are  used t o  estimate t h e  brahe  h o r s e  power [ l l ]  

0.0643 q Pb 

a 
- 11 %= T a  

520 EQ 
(4-.lo) 

The feed  coinpressor c o s t  can be computed by [ 4 ]  

0 . 8 1  
E = 696 (8 )  (4-11) 
CP 

The c o s t  of r e c y c l e  compressor may b e  determined u s i n g  t h e  fo l lowing  
equat ions :  

’ (TN)(0.0643) qr  17 
[(--I - 11  (4-12) 
PN 520 Eri C r  = - 

and 0.81 
ECR = 638 ( B r )  (4-13) 

(9)  Pumps a r e  r c q u i r e d  to  de1ivc.r tlic water c o o l a n t .  The fo l lowing  
e q u a t i o n s  a r e  used t o  estimate puil’p c o s t ?  [ 4 ,  111 

For s t c i  I -  ntlt r i i - p ,  

and 

q ’  0 P.!l 
Ep -.-> .. 

2 4 6 ,  ROO! 

0 . 4 6 7  
E = 684 ( i . p )  

F 

(4-14) 

(4-1 5) 
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g a l l o n  and $0.05 per thousand &a l lon ,  r e s p e c t i v e l y .  The p r i c e s  for i 
400 ps ia  s t e m  and 35 p s i a  Steaiii produced i n  t h e  hca t  cxchangcrs  are 
$0.30 p e r  thousand.pound and $0.15 pcr thousand pound, r e s p e c t i v e l y .  
The annual  c a p i t a l i z a t i o n  charge f o r  t h e  equi.prnents are  calcnl .a ted at 
13% o f ' t h c  i n i t i a l  c o s t  p e r  y e a r ,  as recomended by t h e  O f f i c e  of 
Coal Research,  Department of t h e  I n t e r i o r .  
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5. PROCESS OF'l'I?lIZhTIO:\' OF I lCAT EXCIiAWGIXS 

Since  (i large a,.iount of heat i s  r e l eased  i n  t h e  n:rthniiaticin 
r e a c t i o n ,  hw.1 rcinov21 from r e a c t o r s  and product  gases  becoiae tlie 
i:iajor problc..,i i n  tile o p t i i r i z a t i o a  s tudy .  Three d i f f e r e n t  t ypes  of 
h e a t  c :.chlr.gcrs a r c  requi red  i n  t h e  nieth.umtion p rocess ,  na:rely tlie 
p r e h e a t e r ,  the proJuc t  g a s  c o o l e r  and the  in t e rmcd ia t c  c o o l e r .  I n  
t h i s  s e c t i o n ,  a process op t j in i za t ion  of t h e s e  h e a t  exchangcrs is d i scussed  

(1)  Prehca tcr  

The f e e d  g a s  m u s t  b e  prehea ted  t o  a tempera ture  above t h e  r e a c t i o n  
i n i t i a t i o n  te;;.pcrature. 
exchanging h e a t  betileen t h e  product  gas and t h e  feed  gas .  

The t o t a l  annual c o s t  f o r  t h e  pre l iea te r  can be  r ep resen ted  by 

The feed  gas  p rehea t ing  is accomplished by 

t h e  fo l lowing  equa t ion  [13] 

1 

P 

I 

I 

I 

i 

I 
i 
I 

! 

I 

! 

I 

I 
I 
I 
k 
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'i 

CT = AoKFCAo + AoEillyCi + AoEoHyCo (5-1) 

The a rea  f o r  h e a t  t r a n s f e r ,  A,, is a f u n c t i o n  of hi, ho and A t m  
as g iven  by t h e  f o l l o v i n g  equa t ion  

Thus Equation (5-2) may be w r i t t e n  i n  terms of hi, ho and A. as, 

(5-3) 
3.5 4.75 

G = A,KFCA~ + A,"ihi H y C i  + AoUoho HyCo 

where c(. and a r e  t h e  p r o p o r t i o n a l i t y  c o n s t a n t s  which depend on 
designiBg cond4tion and f l u i d  p r o p e r t i e s .  

Applying t h e  "Lagrange m u l t i p l i e r  method, Fquat iop  (5-3) becomes 

3.5 4.75 FTn t D 
:{ C + A '  [-- -m - L(--e- + 1.- + R ) ] (5-4) 

dw 
ho. 

Y O  q A. 1Jihi G = AoKFCAo+AoOihi 11 C .  +Aofioho Y l  

where A '  is  t h e  Lagrange a u l t i p l i e r .  A conipL:er program of Equation (5-4) 
is  a l r eady  a v a i l a b l e  [ 9 ] .  From t h i s  conpi i ta t ion  t h e  opLin?un o v e r a l l  
hea t  t r a n s f e r  c o e f f i c i e n t  i s  found t o  be about  70 E . t . u . / f t . *h r . 'F .  
This  va lue  is used i n  t h e  subsequent des ign  c a l c u l a t i o n  of t h c  p r e h c a t e r s  
a s s o c i a t e d  wi th  t h e  v a r i o u s  tacthanation p rocesses .  

(2) Product Cas Cooler 

A f t e r  f lowing thrcugh t h e  p r r ' nca t e r  , t h c  product g a s  is cooled  
t o  100°F by t h r e e  h e a t  exchsiigers.  
p rchca te r  has the  tc-i-peralure rangin:, b tween 400°F and 750°F. 

T h e  e x i t  product gas f r o n  t h e  
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400 ps ia  stor!l:i i.: produced i n  tlic f i r s t  lieat e::cli;in,:cr r;.hi.Io s tea?:  o f  n!xui! 
35 ps ia  is p r c ~ ~ l ~ i c c d  i n  tlic sccond hea t  cxchnnger. The product g;is 
coo le r  i s  .fin21 !y cooled do\.:i> t o  190°F by tlic countzr-curront  product 
g a s  coo le r .  The coo lan t  \!ater c:ntcrs a t  a tfllipci-a.ttrre of 6S°F.aiid ' 

l envcs  a t  l .5Oo1. I f  tlle i n l e t  g m  tenipcraturc t o  tlic f i r s t  h e a t  es- 
c.linnzer is bclo:: 500°F, on ly  t r o  l ieat  txchanyers  a r e  req i i i r rd .  

In t h e  f i r s t  lieat exchanger,  t r e a t e d  \53tcr e n t e r s  t h e  tube  s i d e .  
Approxii:iatcly 50% of t h e  wnter ci;tcrcd i s  vaporized producjng h igh  
, .r , .CC..C* ..# .---. Tlic ---i..-.- - - -  y .  C * * " L  c 0 LC:',,., . ~ ' u L ~ L ~ L  L ;;as f lovs  $11 tile shc i i  s i d e  providing 
t h e  iciain h c n t  t r a n s f e r  r e s i s p n c c !  o f ,  t h i s  exclinriger. 
f i l n  c o e f f i c i e n t  can be c a l c u l a t e d  by 

T h e  s h e l l  s i d e  

u 
Pressure d rop  f o r  s h e l l  s i d e  f l u i d  i s  c a l c u l a t e d  by thp  fol lowing 
equa t ion  [IO] m 

fCLD I, s s H 

5.22~101~D_sH' 
A ps T ---___ 

(5-5) 

(5-6) 

and c 

D,GS -0.189 
(5-7) 

I f  tlie coribined p r e s s u r e  drop of t h e  t h r e e  product  g a s  c u o l e r s  
is l imi t ed  t o  10 p s i a 2  t h e  cor re . sponding  ntaxirmiii mass v e l o q i t y  is 
about  . 1 0 0 , 0 0 0 . l b . / f t .  h r .  The s h e l l  side fillii h e a t  t r a n s f e  c o e f f i c i e n t  
corresponding to t h i s  mass v e l o c i t y  i s  about  110 B . t . u . / f t .  5 . .  hi . 'F.  

becomes approxiiCately 85 B . t . u . / f t . ,  9 .  hr. 'F. 

S ince  two phases  e x i s t  in t ube  s i d e ,  t h e  i n s i d e  tube  f i l m  h e a t  
t r a n s f e r  c o e f f i c i c n t , m y  va ry  froni 200 to 1000 B . t . u . / f t . * 'Fh r .  
T h e  overa l l .  h e a t  t r a n s f e r  coe f f j . c i e  t of t h e  f i r s t  hea t  exchanger then  

S imi l a r  t o  t h e  p rev ious  case  t r e a t e d ,  water i.s introduced i n t o  
tlie second h c s t  exchanger wi th  502 of water  being vaporized i n  t h e  tube  
s i d e .  T h e  p roduc t  g a s  i s  passed through t h e  she l l  si.de vhich aga in  
p rov ides  t h e  inain h e a t  t r a n s f e r  r e s i s t a n c e  of t h i s  exchanger.  However, 
when t h e  tei;perat.ure of t h e  prodlict g a s  i s  reduced below 370°F, p a r t i a l  
condensat ion of t l ie  water t akes  p l a c e  i n  t h e  s h e l l  s i d e .  
of 'condcnsati .on depends upon ' t h e  p a r t i a l  p r e s s u r e  of water  in t h e  
product g a s .  

The q u a n t i t y  

Heat f1.u;: ~ccoi::panictl h y  stcam contlensatjon i.s c:spressccl a s  
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The t o t a l  h e a t  f l u x  is a sun cf tiic hcat f l u x  due L O  noa-condensing 
vapor and t h e  h e a t  f l u s  accomsanicc! by  t h e  condensa t ion .  Hence, 

qT = ho(Tg - Tc) + K$~~c(l'v - P ) = Ilc(T - Tc) (5-10) 
6 

C a l c u l a t i o n s  u s i n g  Equat ions  (5-5) and (5-10) g i v e  t h e  range  of t h e  
s h e l l  s i d e  f i l m  h a t  t r a n s f e r  c o e f f i c i e n t  t o  be  between 110 and 
210 B. t . u . / h r . f t . 5a f  under an  a l lowab le  combined p r e s s u r e  drop  of IO, p s i .  

The tube  s i d e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  is p r a c t i c a l l y  t h e  
same as t h a t  f o r  t h e  f i r s t  h e a t  exchanger.  The o v e r a l l  h e a t  t r a n s f c r  
c o e f f i c i e n t  of t h e  second h e a t  exchanger then beconies approxiniately 
90 8.  t .u. / f  t . 2 h r .  OF. 

I n  t h e  t h i r d  h z a t  exchanger,  p r o c e s s  water  i s  u s e J  i n  t h e  tube  
s i d e  and product  gas i s  passed through t h e  s h e l l  s i d e .  Using Equations(5-5) 
and (5-lo), t h e  f i l m  c o e f f i c i e n t  of s h e l l  side f l u i d ,  which is a l s o  
a f f e c t e d  by t h e  p a r t i a l  condensa t ion  of water ,  is c a l c u l a t e d  t o  be 
between 110 t o  150 E. t .u . /h r . f t .*OF under t h e  a l l o v a b l e  p r e s s u r e  drop .  
The tube  s i d e  heat t r a n s f e r  c o e f f i c i e n t  i s  ahout 250 -300  E . C . ~ i . / h r . f t . ~ ~ F  
f o r  t h i s  o p e r a t i n g  cond i t ion .  Thus, t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
of t h e  t h i r d  e a t  exchanger i s  c a l c u l a t e d  t o  hc approximate ly  
80 B.t .u . / f t .  hr."F. 9 

I n  t h e  p rocess  op t imiza t ion  of product  g a s  c o o l e r s ,  t h e  optirum 
tempera tures  of gas e n t e r i n g  t h e  s e c m d  and t h e  t h i r d  h e a t  exchanger 
are to b e  found s o  a s  t o  n in in i zc .  t h e  t o t a l  equipnent and o p e r a t i o n  
costs of t h e  t h r e e  h e a t  exchangers  undcr t h e  spxif i e d  t e a p e r a t u r e  
c o n s t r a i n t s .  The t o t a l  c o s t  c o n s i s t i n g  qf the cy-ipmcnt c o s t  of t h e  
t h r e e  h e a t  exchangers ,  t h e  v a t c r  c o s t  and t h c  s t f a n  b e n e f i t ,  i s  
expressed  as 

C = O'EH + (C W + C V ) - (C3!Js1 + C4Es2) (5-11) T 1 1  2 2  

The h e a t  d u t i e s  of t h e  f i r s t ,  tfic second and t h e  t h i r d  b c a t  
exchanger are expressed  as: 

The h e a t  t r a n s f e r  area of t h e  f i r s t  C:iChangCr is c a l c u l a t e d  a s  fo l lows:  

F i r s t ,  t h e  wate: f low r a t e  t.hro11gh thc f i r s t  exchanger i s  
c a l c u l a t e d  froin 

(5-15) 
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A f t e r  eni?i: jng t h e  First henL cschnnger,  t h e  water j s  prehea ted  to  tlie 
vapor i za t ion  teii;wr3 turc. This  ~ S S I I I I L ' S  a near  cons t an t  k.atcr tei:lpcratiire 
i n  tlie tubc-as l01)g a s  t h e  constaul :  stcnm p r e s s u r e  is main ta ined .  The 
product gas teii:pcra t i i re  cor responding  to t h e  point. a t  w!iich s tem s t a r t s  
t o  vapor i ze  can  1,c found froir;, 

(5-1G) 

where A t  
t h e  l i q u i d  phase and t h e  subsequent  v a p o r i z a t i o n  phase. r e s o e c t i v e l y  . 
Next t h e  hea t  t r a n s f e r  area of t h e  second h e a t  exchanger i s  c a l c u l a t e d  
by t h e  sane  procedure  a s  t h e  f i r s t  exchanger.  

ano L-: ' arc  t h e  log-mean tempera ture  d i f f e r e n c e s  corresponding t o  1 

. 
The hea t  t r a n s f e r  a r e a  of t h e  t h i r d  heat exchanger is c a l c u l a t e d  

a s  fo l lows:  

where et3 is t h e  log-mean t e n p e r a t c r e  d i f f e r e n c e  i n  t h e  t h i r d  hea t  
exchanger.  The v a t e r  f low r a t e  i n  t h e  t h i r d  h e a t  exchanger i s  c a l c u l a t e d  
from 

(5-19) 

The re fo re ,  a l l  t e r m s  i n  Equation (5-11) a r e  expressed a s  t h e  
f w i c t l o n o f  t h e  i n l e t  gas t empera tures  of t h e  second and t h i r d  hea t  
exchangers.  According to  t h e  numerical  c a l c u l a t i o n ,  t h e  optimum i n l e t  
gas t e a p e r n t u r e s  of t h e  second and t h i r d  h e a t  exchangers are 460°F and 
270°F, r e s p e c t i v e l y .  

It  is not  p o s s i b l e  however, a t  th i s  s t a g e  t o  estimate how much 
process steam w i l l  be r e q u i r e d  fo r  each of tt.: v a r i o u s  r o u t c s  to  be 
consir 'ered.  
steam and $C.15/1,000 Ib. f o r  35 psi steain are used. 

T n t r r f o r e ,  ir,k c o s t s  of steam, $0.35/1,00G XI. f o r  400 p s i  
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( 3 )  In te r inedia te  Cooler 

I n  ' the cold quencli systei;i wi th .  a high CO conten t  feed  gas, t l i c  
hcaL geticrnted i n  t he  r e a c t o r  is s o  l a rge  t h a t  i t  is necessary  t o  cool. 
the renc tnr , t  t o  n su i t ; i b l e  tc:niwr;iturc t o  recyc1.e thelii. I n  t h i s  
i n t c r n c d i a t e  c o o l e r ,  hiEli press:ire strain (400 p s i a )  i s  recovered .  T h e  
gas  e n t e r s  t he  h e a t  excli.anger a t  850°F and  r.:ust l eave  a t  a tempera ture  
higlier thnn tlie r e a c t i o n  in i t !n t ion  tcixperatiire of 550°F. S ince  steani 
b e n e f i t  is t he  over r i d i n g  f a c t o r ,  i t  i s  c l e a r  t h a t  t he  optiniuin o u t l e t  
t cmpera turc  of tlic i n t c rmcd ia t c  cool.er must be t h e  l o v e s t  poss ib le  
teinperatiire of 550°F. S ince  tlic f l u i d  p r o p e r t i e s  i n  t h e  i n t e r m e d i a t e  
coo le r  a r e  a lmost  the snnie a s  t h a t  i.n t h e  f i r s t  h e a t  exchanger of the 
product  gas  cool.er, t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  of t h i s  h e a t  
exchanger may b e  taken t o  be 85 E . t . u . / f t .  hr. 'F.  \.later f l o v  
r a t e ,  Id and steaiii r a t e  ob ta ined  i n  t h e  in t e rmed ia t e  c o o l e r  a r e ,  

2 

i m  ' 

F 

wo(?: TN - TA) 
- __.___.__ 

P" 

The h e a t  t r a n s f e r  a r e a  of t h e  i n t e r n e d j a t e  coo le r  is obta ined  €ram 

(5-20) 

(5-21) 

where A t A  an+ A t 3  a r e  log-meail t c n p e r a t u r o  d i f f e r e n c e s  i r i  r he  i n t e r -  
mediate cooler  cor responding  t o  t h e  ,lir,uid F ~ Z S ~  ard. the '  subscquent 
vapor'.;ztion phcse ,  r e s p e c t i v e l y .  
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(1)  Process  Ana lys i s  

Thc gaseous eCi luen t  f r o n  t h e  primary g a s i f i c a t i o n  systcni, i s  f ed  
The g a s  has  been i n t o  t h e  cietlianatimi systexi a t  100°F and l O G 5  p s i a .  

p rehea ted  t o  550"F, a t c n p e r a t u r c  liigh enough t o  i n i t i a t e  t h e  r cac t io i i  
b e f o r e  i t  i s  in t roduced  t o  t h e  top  of t he  r e a c t o r .  

I n  the  upper p o r t i o n  of t h e  r e a c t o r ,  r e a c t i o n  i s  c a r r i e d  out  
adiabetically ~ n t i . 1  the ZZX~TKJ a?lo;.;inble tet~peraturr uf 856°F (i j 
is reached. The r e a c t i o n  t h e r e a f t e r  i s  c a r r i e d  out  i so the rma l ly  by 
removal of t h e  excess  h e a t  of r e a c t i o n  from t h e  r e a c t o r  through t h e  
embedded f i n  tubes .  I n  t h e  h igh  CO c a s e ,  t h e  tempera ture  nea r  t h e  
e x i t  of t h e  r e a c t o r  i s  reduced t o  810°F i n  o rde r  t o  .avoid equ i l ib r ium 
hindrance .  
steam in t h e  f i n  tubes .  

Heat i s  removed froin t h e  r e a c t o r  by gene ra t ing  400 p s i a  

The e x i t  g a s  p r e s s u r e  of t h e  methanation p rocess  is f i x e d  a t  1015 
p s i a .  The re fo re  t h e  t o t a l  p r e s s u r e  drop ,  bo th  i n  t h e  r e a c t o r  and i n  
t h e  h e a t  exchangers must be k e p t  less than  50 p s i a .  
c o n s t r a i n t s  i n  t h e  d e s i g n  of t h e  optimum r e a c t o r  d iameter .  

(2) C a l c u l a t i o n  Procedure  

These a r e  t h e  

As prev ious ly  s t a t e d ,  i n  t h e  h e a t  e x t r a c t i o n  system t h e  r e a c t o r  
is opera ted  a d i a b a t i c a l l y  u n t i l  t h e  tempera ture  of 850°F is reached ,  
a f t e r  which t h e  r e a c t o r  i s  ope ra t ed  i so the rma l ly .  Thus, t h e  h e a t  
ba l ance  around t h e  n-th c e l l  can  b e  w r i t t e n  as, 

For T1 <T < 850°F 

6 
1 

I= 

and T. = 850°F, 

6 
: Cn F"Tn - C Cn+ 

P .  i 1 'i i=1. 1 

qn = (Ali)  p Vn rCH = UoA: (Tn - Tw) 
c c  4 

Since  the  main r e s i s t a n c e  t o  h e a t  f l o x  is a c r o s s  t h e  g a s  f i l m  
o u t s i d e  of t h e  f i n  t u b e s ,  t h e  r e s i s t a n c e  a c r o s s  t h e  tubc  wall and t h a t  
due  t o  i n s i d e  f i l n  of t h e  c o o l a n t  cgn be neg lec t ed .  The o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  bascd on t h e  o u t s i d e  s u r f a c e  of t h c  f i n  tuhe  i s  
approximated t o  be 11 B . t . ~ . / h r . f t . ~ " F .  

From t h e  e q u a t i o n s  deve loped ,  t h e  concen t r a t ion  of each coniponpnt, 
t h e  tempera ture  and t h e  p r e s s u r e  a t  each c e l l  can be  c a l c u l ? t e d  under 
t h e  a d i a b a t i c  c o n d i t i o n  f r o n  t h e  prev ious  c e l l .  The c a l c u l a t i o n  i s  
cont inued  u n t i l  thc r e a c t o r  te r ipera ture  r eaches  850°F. The ~ a l c u l r ? t j o i i  
t h e r e a f t e r  is  r cpca tcd  b u t  under tlle i s o t h c r n a l  c o n d i t i o n  u n t i l  t h e  
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c n n c c n t r J t i o n  of niethane rc5aclies 92.1ia on a d r y  hase .  S i n c e  h e a t  
t r a n b r e r  a r e a  i n  a s i n g l e  c e l l  does not  havc a p r a c t i c a l  I 

average h e a t  t r a n s f e r  ciren of  1 0  c e l l s - i n - s e r i e s  wliicli oake u p  oiic’ 
t r a y  l e n g t h  is  calculnLcd.  

b 

S ince  t h e  h e a t  g e m r a t e d  i n  the 1 0 1 ~  C O  case is n o t  v e r y  g r e a t ,  no 
h e a t  rcuoval  fru:n the r e a c t o r  i s  ncccssnry f o r  t h i s  case. 
CO case ,  t h e  hqa t  g e n e r a t i o n  r a t e  near  t h e  c n t r a n c c  of t h e  r e a c t o r  i s  
s o  l a r g e  t h a t  t h e  c a t a l y s t  arc’ packed only p a r t i a l l y  i n  o r d e r  t o  kepi) 
t h e  g a s  tempera ture  a t  850°F. 
r e a c t o r  i s  reduced t o  810°F t o  avoid eqii i l ibriuirL h indrance  of t h c  
me thana t i o n  r e a c t i o n ,  

For the high 

Also t h e  tempcrpture  near  t h e  e x i t  o f  t h e  

The h e a t  t r a n s f e r  areas of t h e  p r e h e a t e r  and She product  g a s  
c o o l e r  are c a l c u l a t e d  by t h e  method mentioned i n  S e c t i o n  5. I 

1 
The t o t a l  c o s t  of t h e  syste,n can b e  computed from t h e  summation 

i n s u l a t i o n ,  r e a c t o r ,  s u p p o r t i n g  t r a y ,  c o n t r o l  v a l v e s  and f i n  t u b e s .  
fiere, t h e  number of t h e  c o n t r o l  v a l v e s  and t h e i r  c p s t  i s  e s t i m a t e d  f r o n  

I of t h e  i n d i v i d u a l  c o s t s ;  p r e h c a t e r ,  p rodvct  g a s  c o o l e r ,  c a t a l y s t ,  

I 
E 

, t h e  number of t r a y s .  
I 

From t h e  opt i i l i izat ion p o i n t  of view,  t h e  d e c i s i o n  v a r i a b l e s  a r e  t h e  
r e a c t o r  d iameter ,  D ,  t h e  i n l e t  p r e s s u r e ,  Po, and t h e  i n l e t  g a s  t.eGiT 

p e r a t u r e  t o  t h e  r e a c t o r ,  T ( 1 ) .  

t h e  t o t a l  eqyipment c o s t .  S i n c e  t h e  gas  tempera ture  a t  t h e  r e a c t o r  

A s e a r c h  fechnique  a s  d e s c r i b e d  i p  t h e  
I n e x t  s e c t i o n  is developed t o  de te rmine  t h e s e  t h r e e  v a r i a b l e s  by minii7iizing 

I i n l e t  should be k e p t  a s  low a s  p o s s i b l e  t o  minimize t h e  h e a t  removal 
I c o s t ,  t h e  prol)lei;a is reduced t o  t h a t  involv ing  two d e c i s i o n  v a r i a b l e s ;  

I t h e  r e a c t o r  dianleter  and t h e  i n l e t  p r e s s u r e .  

(3)  Optimum Search Tecliniques 

I n  t h i s  s t u d y ,  t h e  method of t h e  s t e e p e s t  desFent  i s  u s e d  f o r  the  
o p t i m i z a t i p n  s t u d y .  T h i s  method s t a r t s  w i t h  l o c a t i n g  t h e  d i r e c t i o n  of 
t h e  s t e e p e s t  d e s c e n t  from an i n i t i a l  p o i n t ,  then s e a r c h  a long  t h i s  
l i n e  u n t i l  no f u r t h e r  iiaprovement can  b e  made a long  t h i s  l i n e .  A new 
d i r e c t i o n  of  t h e  s t e e p e s t  d e s c e n t  i s  l o c a t e d  a t  t h i s  p o i n t  and searcl l ing 
is cont inued a l o n g  t h e  new l i n e  u n t i l  no f u r t h e r  iinprovement i s  p o s s i b J r .  
A t  t h i s  p o i n t ,  a n o t h e r  new d i r e c t i o n  i s  found and She s e a r c h  c o n t i n u e s .  

For t h e  s e a r c h  involv ing  two independent  v a r i a b l e s ,  oqce t h e  
s t a r t i n g  poinL is  s e l e c t e d  t h e  s e a r c h  d i r e c t i o n  can be l o c a t e d  by 
v a r y i n g  one v a r i a b l e  a t  a time. When t h e r e  are  inore than  two v a r i a b l e s  
involvcd ,  P o w 1  1 ’ s  method vliicli does  not  rcq i i i re  t h e  coinputation pf 
d e r i v a t i v e s  i s  more convenicnt ly  ei:iploycd. However, t h i s  proccdure  has  
no way of r e c o g n i e i q  c o n s t r a i n t s  on t h e  v a r i a t l e s  and consequei l t ly  
t h i s  rv thod  is not  e f f e c t i v e  f o r  t h e  p r o b l a i s  wiLh i n e q u a l i t y  c o n s t r a i n t s  [ 7 ]  
Computer progra:ns verc ririttcii t o  c a r r y  o u t  the opt i i i i izat ion c a l c u l a t i o q s .  
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( 4 )  R r s L L t s  and Di scuss ion  
. .  . . .  . 

,The o$t.il:!uc:! p rocess  cond i t ions .  and tiie 'optj.~iiiiiii equi.pnlcnt c o s t s  f o r  
t h e  th ree  feccls r? rc  1ist:ed i n  'I'ah1.e~ G-1 and 6-2. 

Since t i ~ c  heat genera ted  i n  t h e  lo!,! CO casc  i s  not very  l a r g c ,  
no I i q t  .re;:i.oval f roiii t h e  r e a c t o r  is necessary .  
esscntinl.1.y opera ted  adirlb;!ticall.y u i t l iou t  i n t e r i i a l .  hea t  reinoval 
o r  quenchi 1:s. 

lhe r c a d t o r  . i s  

. .  
Althouy,h tlic d e c i s i o n  v a r i a b l e s  s e l e c t e d  f o r  op t i in iza t ion  a r e  the  

r e a c t o r  d i ame te r ,  t h e  i n l e t  p r e s s u r e  and t h e  'fced gas  tempera ture ,  ' the 
feed  gas  ten!pei-ature h a s  been f i x e d  a t  550°F i n  a c t u a l  c a l c u l a t i o n .  
This  i s  because tiie r e a c t i o n  i s  not  a f f e c t e d  by tcinperature s i g n i f i c a n t l y  
a f t e r  600°F i s  reached  probab1.y .due t o  the  s low c a t a l y s t  pore d i f f u s i o n .  
Mcnce, t h e r e  is n o  ' reason  t o  i n c r e a s e  t h e  i n l e t  teinperature above 600'F. 

As is e v i d e n t  frorii Tab le s  6-1 and 6-2,  t h e  l i ea t  'exchanger c o s t s ,  
p a r t i c u l a r l y  t h e  p r e h e a t e r  c o s t  and t h e  product g a s  coo le r  c o s t ,  a r e  

. t h e  major i tws  of t h e  t o t a l  equipment c o s t .  Any e f f e c t i v e  scheme ' to 
reduce  . t h e  s i z e  of h e a t  exchanger wil l .  reduce t h e  t o t a l  c o s t ,  nios t 
s i g n i f i c a n t l y .  Had t h e  r e a c t o r  been permi t ted  t o  o e p r a t e  a t  a feed  gas  
teniperaturc of 500"F, t h e  t o t a l  c o s t  would have been reduced f u r t h e r .  

. > .  I 

Each s e c t i o n  of t h e  r e a c t o r  be tveen  t h e  'two a d j a c e n t  t r a y s  i s  
made u p  by f o r t y  c e l l . s ' e q u i v a l e n t  t o  40 inches  of f i x e d  bed packed . 
w i t h  c a t a lys t :  and f i n  t u b e s . .  The f i n  tubes have equa l  heat. t r a n s f e r  
a r e a - i n  each s e c t i o n .  The re fo re ,  t h e  temperature i n  t h e  i s o t h e r m a l . .  
p o r t i o n  of the, r e a c t o r ,  i s  not  n e c e s s a r i l y  maintained a t  t h e  s p e c i f i e d  ' 

85O0F:' The ternpcrature d e v i a t i o n  i s  not  s e r i o u s ,  hoiwver,  wi th  'the. ' '  

l a r g e s t  d e v i a t i o n  of on1.y lG°F occur r ing  a t  t h e . f i n a 1  t r a y  i n  t h e  
high CO case .  . .  
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TABLE 6-1 OPTi?lLPl PROCESS CONDITIOKS 
I N  TWO DlFFCRENT FEEDS 

FOR HEAT ESTRACTION SYSTEPl 
- - - ~  

I n t e r m e d i a t e  CO High CO 
- _--- --- ---_ 

I n l e t  temperature ,  O F  
O u t l e t  temperature ,  OF 
I n l e t  p r e s s u r e ,  p s i g  
O u t l e t  p r e s s u r e ,  p s i g  
Reactor d iameter ,  f t .  
Reactor he ightA f t .  
Space v e l o c i t y ,  h r . - l  
C a t a l y s t  weight ,  l b s .  
T o t a l  h e a t  t r a n s f e r  

s u r f a c e  a r e a  of f i n  tube ,  f t .  
Heat t r a n s f e r  s u r f a c e  
Area of p r e h e a t c r ,  f t .  

Heat t r a n s f e r  s u r f a c e  
a r e a  of product  gas  c o o l e r  11, f t . 2  

Heat t r a n s f e r  s u r f a c e  a r e a  of 
product  g a s  cooler  111, f t . 2  

Flow r a t e  of 35 p s i a  steam i n  
h e a t  exchangers ,  l b . / h r .  

Flow r a t e  of t r e a t e d  water  i n  
h e a t  exchangers ,  l b .  /br . 

Flow r a t e  of process  water  i n  hea t  
exchangers, l b . / h r .  

Flow r a t e  of 400 p s i a  steam 
i n  f i n  tubes ,  l b . / h r .  

Flow rate of t r e a t e d  water 
i n  f i n  tubes ,  l b . / h r .  

2 

2 

100 
100 

1 ,050  
1 ,000  

7 .O 
15.2 

1 , 420 
17,390 . 

31,400 

10,320 

10,900 

20,000 

55,530 

111,000 

149,ZCS 

105,790 

105,790 
* 

Eased on i n l e t  c o n d i t i o n .  (550°F, 1065 P s i a )  

100 
100 

1,050 
1,000 

8.0 
23.5 

1 ,270  
22,340 

94,500 

13,520 

18 ,360  

21,140 

76,670 

153,400 

157,600 

356,600 

356,500 

TABLE 6-2 OPTI14Jt5 EQUIPMENT COSTS 
I N  TWO DIFFERENT FEEDS 

FOR HEAT EXTRACTION SYSTEN 

I n t e r m e d i a t e  CO High CO 

C a t a l y s t ,  $ 
Reactor and t r a y ,  $ 
Control  v a l v e ,  $ 
Fin tube-, $ 
P r e h e a t e r ,  $ 
Product g a s  c o o l e r  I ,  $ 
Product g a s  c o o l e r  11, $ 
Product gas  c o o l e r  111, $ 
Separator  drum and r e c y c l i n g  pump 
. ( i n  f i n  tube s y s t e n ) ,  $ 
T o t a l  e q u i p r e n t ,  $ 

43,500 
124,800 

20 , 000 
49 , 600 
81,600 

0 
84,130 

118,300 

20,250 
542 , 180 

- - --- 
55,900 

223,000 
28,000 

131,140 
81,400 

0 
112,800 
122,000 

36,850 
754,240 

. . -- 
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(1.) pl-nccss An.?lysis and C31 cul.,-.tinn Proccdiirc 
. .  

111 t h c  cold qilkiich systi-;?l, 0111.5' a si1:aI.l p o r t i o n  of thc: f r c s h  fced 
The reiiiniiider of t h e  is prr.llcaicd nncl enters t h e  top  of t h e  r e a c t o r .  

f r c s i l  feed a t  r e l n t i v c l y  lnw t c n p c r a t u r c  c n t c r s  a t  p re sc r ibed  i i i t c r v a l s  
i n t o  t h e  r c s c t o r  i n  such a ucly t h a t  t h e  cff1.ucnt from t h e  precriding 
bed i s  coolcd s u b s t a n t i a l l y  t o  ea i . n t a in  t h e  r c n c t o r  teinperatul-e below 
t h e  rxsiroum a l l o c a b l e  t cqwrc?  t u r c .  I n  ef f e c t  , tlle cxce.r,s . hea t  generil tcd 
by t h e  r e a c t i o n  i s  absorbed  i n t o  t h c  s e n s i b l e  hea t  of t h e  feed  gas .  
ii t h c  excess  h e a t  gene ra t ed  by the  r e a c t i o n  i s  wore than t h a t  can  
be absorbcd by t h e  s e n s i b l e  h e a t  of t h e  i eed  gas, i t  is nec r s sa ry  to  use 
n o r e  than one r e a c t o r  w i t h  provisi.o.ns f o r  i n t e rmcd ia t e  cool ing .  
The n!osinum al lo~; .nl~l .e  tempera ture  is a g a i n  t aken  t o  be 850°F f o r  a l l  . 
cases except  f o r  t h e  h igh  CO case  i n  which t h e  e x i t  t empera ture  from 
t h e  l a s t  r e a c t o r  i s  reduced t o  810°F f o r  r easons  p rev ious ly  d i scussed .  
The p r e s s u r e  drop i n  bo th  t h e  r e a c t o r  and t h e  product gas  c o o l e r s  i s  
l i m i t e d  t o  less than  50 psi-a .  

I Since  t h e  amount of h e a t  gene ra t ed  by t h e  r e a c t i o n ,  Qc,  is s t r o n g l y  
a f f e c t e d  by the  feed  gas c o a p o s i t i o n  as can be  seen from 

Q = (AH) FG * yK 

As mentioned p rev ious ly ,  t h e  h e a t  genera ted  f o r  the low CO c a s e  i s  
less than t h e  s e n s i b l e  h e a t  of t h e  r e a c t a n t  gas s o  i t  is no t  necessary  
to  perform cold qucnching. From t h e  h e a t  gene ra t ion  as w e l l ~ a s  from 
t h e  econoiiics p o i n t s  of v iew,  only  me r e a c t o r  wi thout  t h e  in t e rmed ia t e  
coo l ing  v i 1 1  be necessa ry  f o r  t h e  i n t c r i x d i a t e  CO case .  However, for 
t h e  h igh  CO c a s e ,  t h r e e  r e a c t o r s  wi th  two in t e rmed ia t e  c o o l e r s  w i l l  
be  needed. 

1. In te rmed ia t e  CO Case 

A p o r t i o n  of t h e  feed  g a s  is prclieated to  T ( l )  by t h e  p rehea te r  
p r i o r  to  e n t e r i n g  t b e  top  of t h e  r e a c t o r .  The f i r s t  co ld  s h o t  of feed 
is in t roduced  t o  c o o l  t h e  r e a c t i c g a s  a t  a p o i n t  where t h e  gas t e m -  
p e r a t u r e  h a s  reached t h e  maximum a l l o v a b l e  v a l u e  of 850°F. S ince  t h e  
r e a c t i o n  ra te  i s  no t  s i g n i f i c a n t l y  a f f e c t e d  by t h c  tempera ture  above 
600"F, a n  cxac t  amount of co ld  quench t h a t  v i 1 1  b r ing  down t h e  gas  
t c n p e r a t u r e  t o  600°F should  be in t roduced .  

The h e a t  halatice a c r o s s  t h e  r e a c t o r  can b e  w r i t t e n  as 

If 
c e n t r a t i o n  of each gaseous  coniponcnt and t empera ture  p r o f i l e s  can then  
b r  c z l c u l a i e d  by the sanc ricthod dcsc r ibcd  i n  tlic h e a t  € . ; t rac t ion  systcln. 
Tlic r a l c i i l a l i o n  is con t inued  u n t i l  t h c  t e t q x r a t u r c .  i n  tlie r e a c t o r  
rear hcs 850°F. 

is h o l m ,  J i  is c a l c u l a t r d  f r o n  Equation (7-2). The con- 

1 

i 



I n  t h e  cold quench system, t h e  r e a c t o r  i s  subdivided i n t o  a 
nuitibcr of s e c t i o n s  which a r e  sepa ra t ed  by the  co ld  quench p o i n t .  
A t  each quenching p o i n t ,  both t h e  flow r a t e  of t h e  co ld  quenching 
gas  r equ i r ed  and t h e  g a s  composition a f t e r  tlic quenching, can be 
c a l c u l a t e d  from t h e  f low r a t e  and the tempera ture  of t h e  gas  b e f o r e  
quenching. The re fo re  knowing t h e  i n l e t  t empera ture ,  T ( l ) ,  t h e  con- 
c e n t r a t i o n s  of each component and t h e  tempera ture  d i s t r i b u t i o n  i n  
t h e  r e a c t o r  can be  c a l c u l a t e d .  

The t o t a l  equipment c o s t  f o r  t h e  i n t e r m e d i a t e  CO case i s  obta ined  
by t h e  summation of t h e  i n d i v i d u a l  e q u i p m e n t  c o s t ;  p r e h e a t e r ,  
p roduct  gas  c o o l e r ,  c a t a l y s t ,  r e a c t o r  and t r a y ,  c o n t r o l  v a l v e s  and 
thermal i n s u l a t i o n .  These c o s t s  a r e  c a l c u l a t e d  from t h e  d e d g n  c o n d i t i o n  
of t h e  reactor and t h e  heat exchangers toge the r  w i th  t h e  c o s t  e q p t l o n s  
desc r ibed  i n  Sec t ion  4 .  

I n  o b t a i n i n g  t h e  r e a c t o r  and t r a y  c o s t ,  t h e  d i s t a n c e  between t h e  
two ad jacen t  s e c t i o n s  of catalyst  allowed f o r  the quenching g a s  t o  
mix wi th  t h e  hot  g a s ,  i s  taken  t o  be 0.5 f e e t .  

The d e c i s i o n  v a r i a b l e s  s t u d i e d  i n  t h e  op t imiza t ion  of t h i s  system 
f o r  t h e  e rmedia te  CO c a s e  are t h e  gas  tempera ture  a t  t h e  r e a c t o r  
i n l e t ,  TtnS, and t h e  r e a c t o r  d i amte r ,  D.  Opt imiza t ion  technique  used 
i s  t h e  same as t h a t  f o r  t h e  h igh  CO c a s e  i n  t h e  co ld  quench sys tem.  

2.  High CO Case 

S ince  a l a r g e  amount of h e a t  i s  r e l e a s e d  i n  t h i s  c a s e ,  a s i n g l e  
r e a c t o r  cannot  accommodate t h e  necessa ry  convers ion .  Twb p rocess  
arrangements a r e  cons ide red .  In System I ,  a p o r t i o n  of t h e  f r e s h  
feed  gas i s  prehea ted  and e n t e r s  t h e  top  of t h e  f j r s t  r e a c t o r .  The 
remainders of t h e  feed  are in t roduced  a t  i n t e r v a l s  a l cng  the  r e a c t o r  
i n  o rde r  t o  c o o l  t h e  r e a c t a n t  gas .  

When t h e  gas t empera ture  i n  t h e  f irst  r e a c t o r  r eaches  850'F a f t e r  
t h e  f i n a l  quenching, t h e  r e a c t a n t  gas  l e a v e s  t h e  f i r s t  r e a c t o r  and i s  
cooled by t h e  p r e h e a t e r  and t h e  in t e rmed ia t e  c o o l e r  I .  

A p o r t i o n  of t h e  r e a c t a n t  g a s  then  e n t e r s  t h e  top  of t he  second 
r e a c t o r .  The remainder of t h e  r e a c t a n t  g a s  i s  cooled by t h e  i n t e r m e d i a t e  
c o o l e r  I1 and i s  f e d  a t  i n t e r v a l s  a long  t h e  second r e a c t o r  t o  c o o l  
t h e  r e a c t a n t  gas .  A f t e r  l eav ing  t h e  second r e a c t o r ,  t h e  product  g a s  i s  
cooled  i n  t h e  product  g a s  c o o l e r s  I ,  I1 and 111 t o  100'F. 400 p s i a  
steam i s  recovered from t h e  i n t e r m e d i a t e  c o o l e r  I and t h e  product  gas  
c o o l e r  I aad 35 p s i a  steam is recovered by t h e  in t e rmed ia t e  c o o l e r  I1 
and t h e  product gas  c o o l e r .  

I n  System 11, t h e  arrangeincnt f o r  t h e  f i r s t  r e a c t o r  i s  t h e  same as 
i n  System I. 
850°F a f t e r  t h e  l as t  quenching, t h e  r e a c t a n t  gas  i s  in t roduced  t o  t h e  
in t e rmed ia t e  c o o l e r  I and i s  cooled t c  T(*) and f ed  t o  t h e  second.  
r e a c t o r .  \\'hen the  tempera ture  i n  t h e  second r e a c t o r  reaches  650"F, Lhc 
r e a c t a n t  gas l e a v e s  the secoqd r e a c t o r  :nd is cooled by t h e  in t e ru i ed ia t e  
c o o l e r  I1 t o  T ( 3 )  and t h e r e a f t e r  e n t e r s  t h e  t h i r d  r e a c t o r .  

h'hen t h e  gas t empera ture  i n  t h e  f i r s t  r e a c t o r  r e a c h e s  
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As tllc proc!tic.t g a s  1r;ivcs t i l e  t i i i r d  1 ~ ~ i l c t ~ i l ~ ,  i t  i s  cooled by t i ~ c  
feed  gas  prclicat 1'1' ::nd si11~st~c~uc~it . i .y by tile prod!ict gas c o o l c r ~  1, J l  
and 11.1 t o  ICO'1.'. :\gain 400 p s i 3  si:c,?ai i s  reccic:i-ecI from the :intc.rlncdiaLc- 
coolers I aiitl I1 a n d  t h e  product  gns coo:cl- 1, \.:iiil.c 35 p s i a  steai;: i s  
recoverctl fr<-.::i t-ilc product: gas c o o l c r  TI. 

A rou:;h c n l c u l a t i o n  sho:?s t h z t  the t o t a l  Iient c.sch:iny;er c o s t  f o r  
1 jcr than t h a t  f o r  Sys tca  I a n c l  ' I  S C C ~ I I I  I r c n e f j  t f o r  
Ser tlian t h a t  f o r  StC-iii 1.. 1 t. a l s o  S l l O \ ~ S  t h a t  t h e  . ' 

c a t n l y s t  ve ig l r t  f o r  Syste;?, IT. is  l l e r  t h a i i  t h a t  f o r  Systcm 1. 
because no que'nihiii:, for. tile secoiid and  tlic t h i r d  r e a c t o r  i s  rcquirccl .  
TLicrefore, Systciii I J  i s  s e l e c t e d  f o r  t h o  op t i i n i za t ion  s tudy .  The " .  
c a l c u l a t i o n  proccdiire f o r  C l i e  op t i i n i za t ion  of System IT. i.s as fol . lor .~s: .  . .  

:The hea t  ba l ance  a c r o s s  tlie t h i r d  r r n c t o r  ca'n be t j r l t t e n  a s .  

. I f  t h e  te ,npcra ture ,  T ( 3 ) ,  i s  knovn, t h e  conversion,  Y(~), is  c a l c u l a t e d  
from Equation (7-3).  

The 'hca t  ba l ance  a c r o s s  t h e  second r e a c t o r  i s  

(7--4) 

I f  t h e  i n l e t  t e r . pc ra tu re  T(*) i s  knotin,  t h e  Conversion y ( 2 )  i s  c a l c u l a t e d  
f r o d  Equation (7-4).  

The heat b a l a n c e  a c r o s s  t h e  f i r s t  r e a d o r  can  b e  w r i t t e n  a s ,  . 

I f  the i n l e t  t e n p e r a t u r c  of t h e  f i r s t  r e a c t o r  T(') is g iven ,  t h e  f r a c t i o n  
of  f eed  g a s  r e q u i r e d  f o r  the f i r s t  quenching, A i ,  i s  c a l c u l a t e d  by 
Equat ion (7-5). The c a t n  s t  w i g  and r e a c t o r  s i z e s  of t h r e e  r e a c t o r s  
are  calculaLed f rom 1' ai:d 3'). I' 

The t o t a l  cqiiipnient cos t  fo r  the hi.gli CO cas& j s  obtained by t h e  
Siiniriation of t h e  i n d i v j d u a 1  cquip:,:crit c o s t s ;  p rc l i r a t e r ,  product. gas . 
c o o l e r s  I ,  11 ai<(! 7 1 1 ,  i n t i i r s c d i a t e  c o o l c r s  1 and 11, cat.nl.yst, r cac toxs  
and t rays ,  control.  v a l v c s ,  and h e a t  in s i i l aL ion .  



because the  stanii: be i i c f i t s  f o r  . the i n t e rmed ia t e  c o o l e r s  I and I1 are. 
t h e  h ig l ics t  irndcr this cond i t ion .  Thus, t h e  6ptimuin i n l e t  tenipcrnturc 
f o r  tlic t h r e e  r e a c t o r s  m u s t  be s e l e c t e d  a t  550°F. llcnce t h e  opt i i i i izat ion 
prol~lein f o r  t h i s  c a s e  i s  reduced t o  t h a t  of s ea rch ing  the  optimum r e a c t o r  
dianic ters. 

(2) R e s u l t s  m i d  Discuss ion  

129. 

Table  7-1 and  7-2 show t he  o p e r a t i n g  c o n d i t i o n s  and t h e  optimum 
e q u i p l e n t  c o s t s  f o r  t h e  co ld  quench system under t h e  two d i f f e r e n t  
f e e d s .  

The quanLi t y  of t h e  quenching gas  and t h e  l o c a t i o n s  of t h e  quenching 
p o i n t s  are determined by assuming t h e  r e a c t a n t  tempera ture  b e f o r e  and 
a f t e r  quenching t o  be  a t  850°F and 600°F, r e s p e c t i v e l y .  
and c a t a l y s t  c o s t s  c a l c u l a t e d  based on such tempera ture  c o n s t r a i n t s  a r e  
not  n e c e s s a r i l y  t h e  t r u e  optimum v a l u e s ,  however. According t o  
Tables 6-3 and 7-2, t h e  c a t a l y s t  c o s t  f o r  t h e  co ld  quench system is 
no more than  1.3 tines t h a t  f o r  t h e  h e a t  e x t r a c t i o n  system. Therefore  
t h e  c o s t  of r e a c t o r  and c a t a l y s t  e s t ima ted  can be cons idered  t o  be 
very  c l o s e  t o  the  t r u e  optimum value .  

The r e a c t o r  
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LO;./ co 1nter i .wdia te  CO High CO 
__ - ... - .......... - _ _  ........... .- -_ .... - .... - .. ....... ... - ..... . .......... ............. . 

Inlet .  t empera ture ,  OF 
O u t l e t  tPJ,p"'"t:::-c, et' 

1 n I . c : ~  p re s su re ,  p s i 6  
O u t l c t  p ress i i rc ,  p s t g  
F i r s t  r eac to r  di2:: ietcr,  f t .  
F i r s t  r eac to r  h e i g h t ,  f t .  
Seconc! r e a c t o r  dir.ii:cter, f t .  
Second r e a c t o r  h e i ~ l i t ,  ft:. 
T h i r t l ,  r eac to r  d i amc tc r ,  f t .  
Thjrtl r eac to r  h e i g h t ,  f t .  
Spacc v e l o c i t y , "  hr .-l 
C a t a l y s t  weight,  l b s .  

 heat t r a n s f e r  s u r f a c e  
a rea  of prc l ien ter ,  f t . . 2  

l ieat  t r a n s f e r  s u r f a c e  2 rea  of 
2 interi i iediate coo le r  1) f t . 

Heat t r a n s f e r  s u r f a c e  a r e a  
in t e rmed ia t e  coo3.cr T I ,  f t .  

Heat t r a n s f e r  s u r f a c e  a r e a  of 
2 p roduc t .  gas cool.cr I ,  f t . 

Hea t t ran s f ci- su r f a  c e a r ca 
product cas c o o l t r  11, f t .  

Heat t r a n s f e r  s u r f a c e  a rea  o 
product gas c o o l e r  111, f t .  

Flo,;.. r a t e  of 400 p s i a  s t e m  i n  
i n t r r i w d i a t e  coo1.cr I and 
11, l b . / h r .  

Flm: r a t e  of t r e a t t d  water  
i n  in te ro ied ia te  c o o l e r  I a n d  

O 5  

5' 
5 

11, l b . / h r .  
Flow r a t e  of 400 p s i a  sten:n 

i n  hea t  exchangc r s  , 1.h. /hr . 
Flov r a t e  of 35 p s i a  s t e m  i n  

heat: exchangers,  l b ,  /h.r .  
Flow r a t e  of t r e a t e d  v a t e r  
. i n  hea t  exchange r s ,  1.b. / h r  . 
Flow r a t e  of p roccss  i:atcr 

i n  h e a t  exchangers ,  I h .  /hr . 
x 

Based on in l . c t  cor?di.tjon 

100 
133 

1,050 
1,000 

5.9 
10 .J. 
-- 
-- 
-- 
-- 

1,690 
12,030 

9,015 

-- 
-- 

-- 

5,920 

18,600 

-- 

-- 
- _. 

38,450 

76 ,900  

13S,000 

100 
100 

1,050 
1,000 

6.2 
18.75 
-- 

-- 
1 ) os0 

22,930 

2,1.75 

100 
i 00 

1,050 
1,000 

6.2 
3.4 
6.6 
3 
7 . 2  
8 . 5  

1 ,200  
23) 740 

6,090 

-- 7,680 

-- 7,530 

8 ,480  I 6,075 

11) 930 15,670 

26,630 21,240 

-- 336,670 

-_ 336,670 

10s,100 22,000 

101,000 138,130 

202,000 276,280 

1 ,249,500 1,319,470 

...................................................... ............. I 
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C a t a l y s t ,  $ 
Reactor and t r a y ,  $ 
Contro l  v a l v e ,  $ 
P r e h e a t c r ,  $ 
In te rmcdia te  c o o l e r  I ,  $ 
l i l tcrnlcdiate  c o o l e r  11, $ 
Product gas  c o o l e r  I ,  $ 
Product  gas c o o l e r  11, $ 
Product  gas c o o l e r  111, $ 
T o t a l  Equipment, $ 

30,000 
66,100 
12,000 
75,510 

-- 
-- 
-- 

55,730 
109,260 
348,600 

57,300 
88,270 
18,000 
34 ,000 -- 

-- 
73,030 
,88,470 

118,600 
477,670 

59,350:  
167,400 

14,000 
53,490 
62, 270 
61,560 

92,720 
110,160 
677,320 

56,360 
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cas and t!ie r e c y c l e  g a s ,  i t  i s  neccr:snry t o  coo l  t h e  r e c y c l e  gcis t o  ' . 
T h e  tec:peraturr. T("') of. t l ic !  1 : x ;  l c ~ v i n x  the'  rccyclr. %as c o o l e r  i s  ca lc t \ ln tcd  
f r o a  t l i c .  h c a t  b a l a i ~ r ~  r,rour:d t!ic x i n : ;  po in t  2s 

,. 

Fro;! ti!c ticnt hnlancc  a c r o s s  t!ic r c n c t o r  , tiic f o l l o d n p .  
equat ions  a r c  oij taincd. 

(9,- I:) 

If t h c  t o t a l  a-roqnt of hcxt  Eencralrd i n  thc r e a c t o r ,  Qc, is known, the 

r ecyc le  flow r a t e  Z Tr  is c a l c u l a t e d  f ron  1:quztions (8-1) and (8-2). 

T h e  i n l e t  f loi '  r a t e  and the  c o i p o s i t i o n s  a r c  then c a l c u l a t e d ,  Tha 
r eac to r  s i z e  erd the  c a t a l y s t  Tieislit f o r  t h i s  syc.tcia a r e  d e t e r x i n r d  
fro3 the  p c r f o r r a n c c  equn t i ons .  

6 

i: I j 

i.1 'i 6 F .  0 
t h e  en tha lpy  of t!ic f eed  ~ 3 5 ,  TF 

Ti 
Cp 

Yi and t h a t  of t h e  r e c y c l e  gas, 
~6 Y r i : l  i . (IT) L C l  I:, , f.t i s  necessriry t o  p rehea t  t!ic fecd  g?-s t o  T , .'!'he 

iq ' i 
t e n p r r z t u r c  T ( p p )  t o  which t h e  gns must 1)c prehcc tcd  i s  c a l c u l a t e d  fro.n 
t h e  heat ba l ance  around t!ic po in t  viicre the feed crixcs w i t h  the r ecyc le  
gas, a rco rd in?  t o  t l ic followir); equa t ion :  

(8-3) 

' h e  s i z e  of t h e  p r c h e a t e r  requi red  i s  c a l c u l a t c d  f r o e  T'''') by t h e  snrnc 
procedure describcc! i n  Sectioir  5. 
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I 
h 

e 
l 

I 

I n l e t  t c n p e r a t u r e ,  3.00 
O u t l e t  t e ~ p e r a t u r e ,  'F i n 0  
I n l e t  p ress i t re ,  .psip,  1,050 
Outl.ct p ress i t re ,  psig I. ,900 
Number of r e a c t o r s  4 
Reactor d i e n e t e r  5.8 
Reactor h e i g h t ,  f t .  6.02 

Spacc vcloci.  t y  , hr .  
lleat t r a n s f e r  s u r f a c e  area of  p rehc . a t c r , f t 2  
Heat t r a n s f e r  s u r f a c e  a r e a  of r c c y c l e  

Heat t r a n s f e r  s u r i e c e  a r e a  of  product 

Heat t r a n s f e r  s u r f n c c  a r e a  of. product 

l icat  t r a n s f e r  s u r f a c e  a r e a  o f  product  

'Flov r a t e  of  t r e a t e d  v a t e r  i n  hca t  

Flov r a t e  of  spen t  v a t e r  i n  hea t  

F ~ O V  r a t e  of 403 psi1 stem i n  h e a t  

Flow rate of 3> psia s t em in h e a t  

Recycle r a t i o  0.7796 
 plot^ r a t e  of t r e a t e d  +rater i n  r e c y c l c  

Flow rntc of 400 p s i a  s tem from r r c y c l c  

Ca ta lys t  ve i r ,h i ,  11)s 28 . O N  

gas coo le r  I ,  f t . 2  -- 

882 
1,533 

-1 

gas coo le r  I ,  f t . 2  8,500 

g a s ' c o o l e r  11, f t . 2  . 11,775 

gas coo le r  III ,  f t . 2  19,900 

exchangers,  l h .  /hr.  320,OgQ 

exchangcrs , 11). / h r .  1,236,170 

exclt.?ngers, l!, . / h r .  108,330 

exchansers , l b .  / h r  . Q5,33Q 

f i ~ s  coo le r  , l h .  / h r  . -- 
gas c o o l e r ,  l b . / h r .  -- 

*IinFed 011 i n l e t  conf l i t ion .  (55n"F, 1965 k i n )  

100 
3.00 

I ,050 

8 
6.0 
5.95 

1 ,000 

58,730 
4 s 4 -- 

6,140 

10,150 

15,670 

21,135 

317,970 

1 , 3  16 ,111 0 

178,33Q 

139,670 
2.911 

147,860 

147,469 
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Zntcrmcdiatc CO Hizh CO 

Cntaly:;t, s 
Reactor and tray ,  S 
Vn1.v~ and flow iactcr, $ 
Prehcatar, $ 
Recycle g a s  cooI.er, s 
Product gas cooler  I ,  $ 
Product .?as cooler  11, .$ 

. Product <as cocler ITI,  $ 
Rccycltnq conpressor, $ 
Total e q u i m c u t ,  s 

70,080 
169,970 

28,540 
0 

73,170 
87,840 

4 3 ,  oac1 , 

i17,~3n 
81,000 

676,590 

146,830 
363,569 

u0 ,000 
0 

60,930 
89,URr) 

10?,030 
122,239 
244,0n0 

1,201,460 
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E' 

. .  . . .  
For lieatin: and c n o l h o ,  o r  the: process f l u i d s ;  p r c h a a t c r s ,  product 

jias c o o l e r s ,  ii:t .errieJintc c o o l t r s ,  r c c y c l e  c o o l e r s  2nd cmlicdded f i n  
I 
I .  tubes  a r c  USC.~!.  Tlie prc.\!eatcr cost. f o r  t h e  !;cat e x t r a c t i o n  s y s t w :  ir; 

;?:;ii;ip ilie- tlii-ec sys . considcrcd. T h i s  i s  bccnur;c tlic 

In tlic,col.d qcc!:ich systcn;.  o n l y  a f r a c t i o n  of thr. fr.cd gas i s  prclieated 
vhi lc .  i n  t l i c  rkcy,c ie  sj .stcn; t h e  p rchea te r  is k t  riecde.d exc.ept f o r  the  
i n t c r n x d i a t e  co c&e. 

n u k t  I I C ?  11critcd t o  reo,uircd i n l e t  r e a c t o r  tcmpera ture .  

'I 
i 

~. . r  ~t zpp'e+i-:j +vi.bent t t int  t!ie c o s t  of t he  p r o d u o t  gas  c o a l e r  i s  
Ii ighesi  for t h e  r e c y c l e  S'ySfCi!i hnd  is 1o:iest f o r  t?ie h e a t  c s t r a c t i o n  
sys t cq ,  
dcpends , l&{ ie ly  on the  f r a h t i o n  of tlie feed cas in t roduced  t o  t l ie to?  
of t h e  r e a c t o r ,  A i ,  2nd i s  i n  g e n e r a l  betileen t h a t  of  t h e  r e c y c l e  system 
and the  libat e s t r a c t i o n  system. As t o  t h e  c o s t s  of fin t rhe.s ,  in tc ruedin t .e  
coo le r s  and r e c y c l e  gas c o o l e r s ,  they  are r e l a t e d  t o  tlie mount.  of h e a t  
renoved du r inz  tlie r e a c t i o n  and t h e r e l o r e  are higli,er a s  t h e  .CO ccnteii t  of 
t h e  feed gas is  inc reased ;  

F b i  tlie co la  quFnc1i system, ttie c o s t  of t h e  product gas  c o o l e r  

2. Ca ta lys t  and ReRctbr Costs 

It i s , r e a d i l v  seen t h a t  t he  c a t a l y s t  c o s t  f o r  the-  h e a t  e x t r a c t i o n  
s y s t c n  i s  t h e  c!icapcst and t h a t  foz tlic r ecyc le  s y s t e n  i s  tlie c m s t  
expensive amony, t he  t l i rce  systems. Tlie c a t a l y s t  c o s t  f o r  t h e  co ld  
qucnch systeci ranks  in t h e  middle o f  t he  tvo ,  l e n n i n s  c l o s e l y  t o  t l i ~ t  of 
t h c  h e a t  e x t r a c t i o n  sys tem.  In c o n t r a s t  t o  t he  l o r ~ c s t  c a t a l y s t  c o s t  for 
t h e  h c a t  e x t r a c t i o n  sysce?:, thc! r e a c t o r  c o s t  is  l a r g e r  than t h e  co ld  
quench s y s t e m  because  a large r e a c t o r  volume is  occupicd by  the  cnbcdded 
fin tul)cs. I!o::evcy, fo r  thc  h igh  CO case  vhcn t!iree r e a c t o r s  a r c  needed 
t o  acco:>plish t h e  cold quenching, t h e  r e a c t o r  c o s t s  of t he  tvo systms 
hecozes approxis:atel:.p t h e  sa:ne. 

The re.?ctor c o s t  f o r  t h e  r e c y c l e  system i s  the h ig ! i e s t , s incc  the  
c a t a l y s t  v o l u m  r equ i r ed  is t h e  larjics t axoiig the t h r e e  s y s t e m .  

It-, v i c v  of t h c  high r e a c t o r  and t h e  c ~ t a l . y s t  c o s t s  as !,:e11 as 
tlic liiz!i r c c y c l e  g a s  compressor c o s t  i n  tile rccjTclc s y s t c n ,  t!ii.s 

s y s t c n  i s  tlic l e a s t  cco;io:ni c a l  system.. 

. F i e u r e  9-1 slimls t h e  r e l a t i o n  bet,..:cen tlie t o t a l  c:quip!:?c.nt cos t  a n d  

concluc!cc! tllnt t!ie co ld  qucncii s y s t c n  i s  tlic r u s t  econcz:ic.al sy:: t rn ,-:-!any. 
tllc co :~c .en t rn t ion  of CO in t h e  f e e d  ?,as. Froin t h i s  f i g u r e ,  i t  m : r  be 

tlie t i ircc sy-tc::r, f o r  tlie i n t c r n e d i a t c  CO case  and t!:c 1iig:i CO case .  

( 2 )  E f f e c t  or Tcnpera ture  of tile Feed C n s  on To ta l  1:Tci.prcrit C o s t  
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In thc oytii , i izatioii  of t h i s  p rocess ,  t!ic dec i s ion  v a r i a b l e s  
consic!ered arc ti le rc:ctor d iameter ,  t h e ,  inlet and o u t l e t  t enpc rn tu re  
of tile gas  7'1) asd T", end t!x n::::!>er of r e a c t o r s  i n  p;irai~.e:.. 
In tlis r e c y c l c  :y:; tern, vo lwnc t r i c  f ln! ; .  r n t e  i n ,  tlic reac, tor  and, 
consequent ly  t h e  re.?ctor d i m e t e r  is so l a r g e ,  e s p e c i a l l y  f o r  thc  
h i z h  CO case .  i t  i s  necessary  t o  f i n d  thc  o!)tinun nurnhcr of  r e a c t o r s  
f o r  t h i s  C J S , ~ .  In the. c o s t  c s t i s i a t ion  of t h l s  process, as t h e  numl)er 
of r e a c t o r s  is i nc reased ,  $8,093 per  eacl: r e a c t o r  i s  added as t h c  
c o s t s  of c o n t r o l  v a l v e s  a n d , o t h e r  i n s t r u n c n t a t i o n .  

N Howcver, as t h e  t e m p x a t u r e  d i f f e r e n c e  b e t w e n  T ( l )  and T 
incrcnscs, t h e  r e c y c l e  gas rate is decreased, reducing t h e  r e a c t o r ,  
c o s t ,  cata1y:;t c o s t  and r e c y c l e  PIJXP c o s t .  Therefore ,  tlic optimum 
gas  tcmpcra ture  a t  thi? reactor in l . e t  i s  550'F for each CO case  and t h e  
opt inun  gas tcinpcrati ires a t  t h e  out1.ct of t h e  r e a c t o r  a r e  853°F for t he  
l n t e r n c d i c t c  CO c a s e  and 810°F f o r  tiie h i s h  CQ case, '  respec t i .ve ly .  

Consequently, t h e  remaining d e c i s i o n  v a r i a b l e ,  t h e  numhcrs of  
r e a c t o r s  in p a r a l l e l ,  and the  r e a c t o r  d izmeters  are searched  i n  t h e  
op t imiza t ion  s tudy  of  t h i s  sys t en .  

(2)  Resu l t s  

Fixurc 8-1 and 8-2 shrv t h e  e f f e c t  of t he  r e a c t o r  d iemeter  on 
t h e  t o t a l  equipment c o s t  wi th  t h e  nunber of r e a c t o r s  as pararneter . f o r  
t h c  i n t e m x d i a t e  CO c a s e  and the  h igh  CO case ,  tcspective1.y.  From 
Fijiure 8-1, t h e  o p t i n u a  nunher of r e a c t o r s  in p a r a l l e l  i s  scen  t o  h e  
4, and t h e  op t inun  r e a c t o r  dimeter  t o  be 5.8 f t .  f o r  t l : e ' i n t e rmrd ia t e  
CO case. From F i g a r c  8-2, t h e  op t inun  nunb6r of r e a c t o r  and the  r e a c t o r  
d i a n e t e r  f o r  the .hifill CO c a s e  are 8 and G .0 - f t . ,  r e spec t ive ly .  Compar- 
ing Fip,ure 8-1 w i t h .  8-2, a cons idc rah lc  e f f e c t  of t h e  number of  r e a c t o r s  
in p a r a l l e l  on t h e  t o t a l  equipment c o s t  i s  noted - f o r  t h e  cases vhere  
1arRedianc tcr  r e a c t o r s  a r e  used. 
eqciip2ent . c o s t  f o r  .onc reactor and t h a t  w i t h  op t fmm nunber of r e a c t o r s  
i n  p a r a l l e l  a r e  $190,000 for t h e  h igh  CO case ,  b u t  on ly  $13,000 f o r  t h e  
i n t e n x d f a t e  CO case .  .Table S-l 'and 8-2 l i s t  t h e  optimum o p e r a t i n g  cm- 
d i t i o n s  and t h e  o p t i a u n  equjpnent  c o s t s  f o r  t h e  r ecyc le  s y s t e m .  

The di..f f c r cnces  bet::ccn t h e  optinrim I 

From Table  8-2, t h e  r e a c t o r  and c a t a l y s t  c o s t s  f o r  t h i s  systein a r e  
s e e n  t o  be n o s t  expens ive  anon:, t h e  t h r e e  systcms. In a d d i t i o n ,  r ecyc le  
punps a r e  a l s o  cons ide rab ly  expens ive  r e s u l t i n g  , i n  t h e  Ii iglicst  t o t a l  
cquipmcnt c o s t  anone t h e  t h r e e  s y s t e m  inves t iga t ed .  

, 

f 
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I 

Altliouqh i n  t h i s  s tudy  t h e  feed g:as i s  assumcc! t o  be a v a i l a b l e  
a t  n tc. . iprrnture of  100°F and a p r e s s u r e  of  1065 ps in ,  t h c  optisum 
t e w c r n t u r e  aitd p r e s s u r e  a r c  l a r g c l y  a f i c c t r d  by the  tintlccidcd choj  c e  
of t h e  pr i~ : . ry  g a s i f i c a t i o n  ~ I I ~ S C S  2nd t o  n lcsser e x t e n t  by t h e  pas 
p u r i f i c a t i o n  plinse and t h e  *.mtcr-gas s h i f t  r e a c t i o n  phase which. proceeds 
t h e  mctlianation phase. 
gas t cvpern t t i re  2nd p r r s s u r e  w i l l  a f f e c t  t h e  equipment c o s t  and what t h e  
optinunl trmpcrati irc and p res su re  should bc  as f a r  a s  t h e  methanat ion  
process  i s  concrrned. 

It  is  t h e r c f o r c  necessa ry  t o  s tudy  hcn7 t h e  feed  

F igure  9-2 shows t h e  r e l a t i o n  bctrreen t h e  t o t z l  equipment c o s t s  
a-d the  feed gas t empera ture  f o r  t h e  lo;? CO c a s e  i n  t h e  a d i a b a t i c  
r e a c t o r  and f o r  t h e  in t e rmed ia t e  CO case  and t h e  high CO case i n  t h e  
co ld  quench s y s t e m .  

(3) E f f e c t  of P res su re  of t h e  Peed G a s  on  T o t a l  Equipnent Cost for 
Two D i f f e r e n t  Product Gas Heating Values 

F igu re  9-3 shovs t h e  r e l a t i o n  between t o t a l  equipment cost and 
t h e  feed CO composition wi th  p r e s s u r e s  of t h c  feed  gas a s  parameter.  
S ince  i t  is necessary  t o  ma in ta in  t h e  o u t l e t  p roduct  g a s  p r e s s u r e  above 
1000 psip, i n  o r d e r  t o  meet p i p e l i n e  t r a n s p o r t a t i o n ,  t h e  product  g a s  must 
be compressed to t h i s  $ressure 'when th'e g a s  e f f l u e n t  f rom t h e  methanation 
r e a c t o r  does n o t  have enough p r e s s u r e  t o  meet t h i s  requirement.  The 
o p e r a t i n g  p r e s s u r e  of t h e  primary g a s i f i c a t i o n  system h a s  t h e  p rcdon ina t ing  
e f f e c t  on  the conpressor  requi rements ,  c o m r c s s o r  placement and t h e  vethann- 
t i o n  r e a c t o r  p r e s s u r e  so t h a t  t h e  methanat ion  p rocesses  cannot b e  optimized 
wi thout  t h e  s e l e c t i o n  and co -op t in i za t ion  of primary S a s i f i c a t i o n .  Homver,  
t h e  conpressor  c o s t  i s  by f a r  the l P r S e s t  p o r t i o n  of t h e  t o t a l  cquipmcnt 
cos t .  I f  we n e g l e c t  t h e  c o s t  of compression, F igu re  9-3 shovs  t h a t  t h e  
equipnent  cost dec reases  wi th  p r e s s u r e  of t h e  f eed  gas.  

The product  gas having t h e  h e a t j n g  v a l u e  of 900 R.t.u./SCF is b e l i r v e d  
t o  be enough t o  neet p i p e l i n e  gas q u a l i t i e s .  Its t o t a l  equ ipaen t  c o s t  
ve r sus  feed  CO composition wi th  p r e s s u r e  of t h e  feed  gas as parameter i s  
also shown i n  F igu re  9-3. 

(4) Parameter S e n s i t i v i t y  Analys is  

I n  t h i s  s tudy ,  t h e  optimum c o n d i t i o n s  (dec i s ions )  are ob ta ined  
based on t he  s p e c i f i c  v a l u e s  of  system parameters  which c h a r a c t e r i z e  
t h e  performance ( k i n e t i c  cons t an t s ,  h e a t  t r a n s f e r  c o e f f i c i e n t ,  e t c . )  
t o  n i n i n i z e  t h e  t o t a l  equipnent  c o s t  ( t h e  o b j r t i v e  func t ion ) .  The 
va lues  of  t hese  parameters  are u s u a l l y  ob ta ined  from t h c  expe r imen ta l  
s t u d i e s  or f r o n  c a r e f u l  e v a l u a t i o n s  baqed on e s t a b l i s h e d  c o r r e l a t i o n s .  
Of ten  t h c s e  v a l u e s  are somcvhat i n a c c u r a t e  due t o  l a c k  of time and funds 
r equ i r ed  f o r  a n  a c c u r a t e  eva lua t ion .  I f  t h e  performance of t h e  systen 
undcr t h e  o p t i n a l  c o n d i t i o n s  is s i g n i f i c a n t l y  dependent on t h c s e  pnrn- 
meters ,  and i f  t h e s e  va lues  are u n c e r t a i n ,  t h e  a c t u a l  s y s t c n  perfor-6nce 
may d e v i a t e  cons ide rab ly  front t h e  s p e c i f i c a t i o n .  Therefore ,  t o  ensu rc  3 

b e t t e r  s y s t e n  performance, i t  is necessa ry  to ana lyze  how s e n s i t i v e  th?  
system p a r m e t e r s  a r e  t o  t h e  o b j e c t i v e  f u n c t i o n  ( t o t a l  equipmrnt c o s t ) .  



Thc. ' resu]. t  of par?.r.!etcr se;:si t i v i t y  s t t i d y  on t l i r .  total fqii5p?ieiit 
cos t  b.isc.d on tllc 1 . o ~  m d  tlic l i i ; ; ! i  CO cane:; f n r  optili:tl:I metlian.?t.ioii 
proccs:;cs Is, shorn i;i TaL1.c 9-1.. ,, !.:!on;; tli:: pnr.:::ctcrs s tu r i i r : t l ,  t lic 
maxiTtl:i  al~o: in!!~c tel: i ;wratcrc,  Y", i s  a. inodcrntc:Iy scus j . t i vc  fnc,tor,  
partj .c\ i] .nrly f o r  t!ic h igh  CO case .  T h i s  ncnns i f  t h e  ninxln:uni n1lo:rnlle 
t m p c r a t u r c  could ' I x  i i ighcr tlien C 5 0 ° 1 r ,  t i l c  tot;i.I cqrii.pr:cnt c o s t  ci2y IC 
decreased ,  provided of cour sc  t l iat  ti!e cq i i i l i l~ r iu r l  hin4irmce i s  n:-oidcd 
by :no?j.:.g 2,:s :.c.:r t!::: ex i t  cf thc r c a c t ~ r . .  F r c  t5c .  t.--+ , I<. ' .  c -----,-' c C i l , . Y Y  (11. 

p o i n t  of v i c v  tlic nasisiun t c q 3 c r a t u r c  a t  vliich the  catalyst can he oncra ted  
wi thou t  dcnc t iva t inn  d u e  t o  ].oca1 s in t c r inp .  or ccrhon t l rpos i t i on ,  shoalcl 
be  as hi211 as possi!!lc. I!ov:cvcr, h igh  tercpcraturcs a l s o  l i n i i t  t h e  . 
m a t e r i a l  f o r  coi1:;truction of  t h e  r e a c t o r  2nd e c i i i i l i l ~ f i u ~  concen t r a t ion  
for ricthane. Thcrcforc ,  f u r t h e r  s tudy  of ca ta l .ys t  r e a c t i v i t y ,  d u r a b i l i t y  
and r e g e n e r a h i l i t ?  a r c  requircd. 

S ince  t lw hcnt  t r a n s f e r  c o c f f i c i c n t  i s  dircct1.y r c l a t e d  t o  thc: c o s t  
. of  h e a t  cxchnnqcrs,  an i n c r e a s e  i n  t h e  hca t  t r a n s f e r  c o e f f i c i e n t  wi1.1. 

d i r e c t l y  dccreasc  t h e  t o t a l  equipncnt  c o s t ,  p n r t i c u l a r l y  f o r  the l o v  
CO car;e. bong tiic hca t  t r a n s f c r  c o e f f i c i e n t s  s t u d i e d  as shown i n  
T a h l c  9-1, t l i n  c o c f f i c i c n t  of  tlic product cas  cno1c.r I11 seems thr. n o s t  
s e n s i t i v e  one, t h i s  is duc  t o  i t s  l n i - ~ e  h w t  tra!:sfcr a r c a  requi red .  
Compnrativcl y s?c..?kirx, t h c  I!cnt t r a n s f c r  cocff ic icnfr,  r?rc less s e n s i t i v e  
an!on: t h e  pnrcnctcrs st i i t l icd,  

The !:inntic cs?rnsr;:i.on seens  t o  be t h e  ~ m s t  s e n s i t i v e  f a c t o r  anon!: 
t h e  parameters cons idered  f o r  both the  low and t h e  h i zh  CO cascs .  

Other f a c t o r s  s t u d i c d  gave n c g l i g i h l c  w n s 3  t i v i t i c s  on t h c  t o t a l  
cquipinent cos t .  

(5) Uncr r tn in ty  h i n l y s i s  of Ki i i r t i c  Expression 

Lacking t h e  r c I . i a h l c  r.:.:?erjw!ital d a t a ,  i t  i s  d i f f j  c u l t  t o  oh tn in  
an  ncc i i ra tc  k i n e t i c  r a t c  exorcssicbn. Ilovever, i n  t h e  prev ious  ~ c c t i o n ,  
t h e  freo.ucncy f n c t o r ,  k, and t!ic orc!ers o f  t h e  reaction, si nnr! n a r e  fol:nd 
to be  ve ry  sensitive, t h e r e f o r e  j.t l ~ e c o x s  necessary  t o  s t u d y  hov t h e  
optimum pol icy  c!innges ovcr a r m g c  of unccr ta in t .y  i n  k, n and n. 

In t h i s  a n a l y s i s ,  a rancc. of unccrtni .nty i n  tlic k i n e t i c  r a t c  

. _  

cxprcs s ion  is  o!,tained hosed o n  the p o s i t i v e  nnc! t h e  ncy,ativc? msirIrtn 
d e v i a t i o n s  i n  t h c  2.rrhciiiua p h t .  The o r d e r s  0 7  r e a c t i o n  n .?nd 11 a r c  
v z r i c d  fro:? 0.2 to 0.4 2nd fro:) q.6 t o  0.9,  r c s~~cc . t : i vc ly .  Tiie opti.:?ium 
r e a c t o r  de5iC.n ,?s t . 1 ~ 1 1  as the to:.?l e.q~.riirxent cost: f o r  vnrioris s e t s  o f  
o, n and tlte corre.rpondin.; iiaxi::.:c nnc' ::inj-?n valticr; of k f o r  - t h e  lo:< CCI 
c a s c  a r e  s h o x  i n  Tab1.c 3-2. 
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-- -0,051 
-0.103 -0.087 
-0.196 -0.104 
-0.131 -0.051 
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.Reactor, 1)iauEtcr Reactor Heir,ht Tntai '  Equipinent 
k n n f t  f t  c o s t ,  dolla1- 

- ..-.I-- __ -__ .--I-.-_-- --.---_-- 
~ _ _  _-I__. -__ .-I_...____ ___  ._- ____ ~ 

.. . 

100 0.3 0.7 6.1 . , 11.3 366,000 
110 0.3- 0.7 6.0 l O . 7  ' . ' 355,800 . . 
120 0.3 0.7 5.9 10.1 348,600 . 

343,160 
140 ' 0.3 0.7 . 5.1 : 9.3 338,230 

200 . 0.2 0.6- 6.R i 8 . i ~  441,200 

. . -  
. .  

. .  . .  9.7 130 0.3 0.7' ,5.8 . .  

* * *  
148 0 .2 .  0 .6  7.1 22.4 ' , 490,200 * * *  . .  . .  ----- - 
142 0.2 0.9, 5 ..4 7.T7. - ; 31 7,940 
104 0.2 0.9 5.7 8.75:- ' 334,579. 

.. . * * ; a  - 
157 0.4 0.~6-- 5.4 7.58 320,360 

. .  11.5 0.4 0.6 5.7 9.25. 337,720 . .  * * *  - 
85 0.4 0 . 9  . 4.6 3.5.. . .  287,900 , . ,  

62 . 0.4 . 0 . 9  5.0 . . 4.2 . 295,100 

c 
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desiKn is cons ide rab ly  a f f e c t e d  by t l ie k i n c t i c  ' r a t e  expres s ion ,  a m r c  
ex tens ive  i n v e s t i g a t i o n  of t h e  r e s c t i o n  k i n e t i c s  and furt.lii:r clcvcl.onisciit 
of inm-owd c a t a l y s t  zre necessary  f o r  nc t l inna t ion  reac t i r rn .  
depcridency of tlic ra te  equa t ion  on concen t r a t ion  niid t c n p e r n t u r e  should 
lie more firr.ily c s t a b l i s h c d .  

( 6 )  

The 

Gsc of  Hardia;.! Xi-0116T - l/S" C a t a l y s t  

In s t ead  of  llarsharl Xi-0104T - 1 /4" ,  Hars!iav Si-011GT - 1/8" c a t a l y s t  
p e l l e t  may bc used. 
k i n e t i c  ra te  expres s ion  are a f f e c t e d  and t h e r e f o r e  must be ad jus t ed .  
Again i t  is r a t h e r  d i f f i c u l t  a t  p re sen t  t o  o b t a i n  an a c c u r a t e  r a t e  
equa t ion ,  a rouch c o r r e l a t i o n  I s  obta ined .  
are cons idcrcd  t o  bc the same and a v a l u e  of 240 f o r  t h e  frequency 
f a c t o r ,  k, is used. Tlie o p t i n m  r e a c t o r  des ign  RS well as t h e  t o t a l  
equipment c o s t s  f o r  t h e  low CO case f o r  t h e  a d i a b s t i c  r 3 a c t o r  system 
and f o r  the h igh  
9-3.. Apparently,  t h e  r e a c t o r  d i anc t , c r s  are about t h e  sane  and t h e  
r e a c t o r  h e i s h t s  are a!,out h a l v e s  as t hose  whcn 1/4" p e l l e t s  .are u s e d .  . 
T h i s  is due t o  tl ic pressure drop  a c r o s s  t h e  r e a c t o r  bed being tvicc as 
hgp, as previous  case. 
decreased i n  both  cases .  

The p r e s s u r e  d r o p  a c r o s s  t h e . r c a c t o r  bcd and t h e  

The orders of t h e  r e a c t i o n  

CO case for t l ie co ld  quench system a r e  shown i n  Table  

The t o t a l  equipment c o s t  is a l s o  s l i g h t l y  

(?) Feed v i t h  CO Composition Iliglier Than 15% 

Since  t h e  e x p c r i n c n t a l  k i n e t i c  d a t a  are a v a i l a b l e  only up t o  15% 
of feed CO concen t r a t ion ,  t h e  p r e s e n t  o p t i n i z a t i o n  s tudy  i s  r e s t r i c t e d  
wit!iin t h i s  rxqe. 
than. 152,. reactors v i t h  b e t t e r  h e a t  r enova l  s y s t e m  must he consirlcrrd.  
One of t!ic I k y s  t o  reach  b e t t e r  h e a t  r cnova l  is to u t i l i z e  t h e  sprayed 
c a t a l y s t  on h e a t .  t r a n s f e r  s u r f a c c  t o  f a c i l i t a t e  qu ick  r enova l  of hea t .  
Also, t h e r c  is t h e  hot-gas-recycle s y s t e n  in v!iicli tvo  mcthanators  a r c  
ciscd. The bulk  o f  t h e  wettianation, 39 t o  90 pe rcen t  convers jon  of t!ie 
fced gas, occur s  i n  t h e  n a i n  r e a c t o r  over  s tee l  c a t a l y s t s ;  t h e  remainder 
of t he  nc thann t ion  o c c u r s  i n  t!ie second r e a c t o r  over  a Rancj. n i c k e l  
ca t a l l i s  t. 

liovever, when t h e  feed  CO ccmposition. is higher  

. In o r d e r  to  o b t a i n  a rough e s t i x a t e  of tlie t o t a l  cqutpx-r?nt c o s t  for  
t h e  feed  CO concen t r a t ion  Iii&her than  157, a feed  con ta in inz  approxiantel! 
2 O X  of  CO is s tud ied .  
r e a c t o r ,  t h e  h e a t  e x t r a c t i o n  s y s t c n  i s  poor for t h e  h e a t  r e n o v a l  under 
t h i s  cond i t ion  and t h e  co ld  quench systcrn i s  d i f f i c u l t  due t o  t!ie f a c t  
t h a t  the r e a c t o r  tempera ture  q u i c k l y  reac!ies tlie r,~aximun a11 orraLl e r e x t o r  
t e ipe ra t c i r c  causin: tlie co ld  s h o t  d i f € i c u l . t y .  Besides,  t l ic tenpcrati irr .  
d i f f e r e n c e  hc tvcen  t h e  c a t a l y s t  s u r f n c e  and tlie b111.k %as pliasc could 
becone cxcess iva  .drw t o  t h e  l a r g e  r e a c t i o n  h e a t  Gencratcd. 
a t u r c  run-avay". nay cause  t h e  c a t a l y s t  s i n t e r i n x  and tiic carbon dcnnsi tim. 
A r ecyc le  s;rster.i is t h c r e f o r t  cons idered .  
f n  130th feed  and product  sases are l i s t e d  i n  Table  9-4. 
t h e  p r o n c r t i e s  j n c l u d i n ?  k i n e t i c ,  r a t e  expres s ion  used i n  t!ie ureviour. 
op t in t i aCion  s tudy  czn b e  a p p l i c a b l e  and t h e  e x i t  r e a c t o r  tenpera t l i re  is 
chanzcd t o  799°F due to  tl ie equj - l ib r iuz i  h indrance ,  t h e  s:;stca .is o n t i n i  zed 
by t h e  s h i l a r  *.?a7 'as uscd i n  t h e  his11 CO case  f o r  thc'  rec:Jcle svr.tc:.i. 
Fi5n-e 9-4 s!icr:s t h e  e f f e c t  o f  tlic r e a c t o r  d i a z e t c r  on t h e  t o t a l  &jui~:?en: 
c o s t  w i th  t h c  ntin!ier of  r e a c t o r s  i n  p a r a l l c l  as pnrmetrr. I n  ~ h c  c o s t  
e S t j m t i o n ,  a s  ttic nud jc r  of r e a c t o r s  is , i n c r e n s r d ,  $9,009 per  e;lc!i re.?ct-?r 
i s  adr!ed as, t!ic c o s t s  for c o n t r o l  valvcr, nr.d o t h e r  i n s t r u ~ i c n t a t i o n . .  

S ince  a larso azount  of h e a t  is Kencrated in tho- 

Thc "teiiner- 

-e flo::? r a t e  and conponi t inn  
AssuTiiny. t h a t  al.1 

?I . ,?  
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F i r s t  Fknctctr 
D i m e t e r ,  f t  5 . 3  5.9. 6 .'2 6 . 2  
F i r s t  IZcnctor 

Second Reactor 
Di;r.iiotcr, i t  -- -- 6 . 6  6 . 8  
Second Reactor 
I k  i:;!1 t , f t -- -- 3.0 .1'. 5 
Third 1:ezctor 

Third Xenttor 
l l c i~ l i t ,  f t  -- -- . . 8.S 4.42 
Total 1:quip::icnt 
Cost, $ 343,600 315,650 677,320 ' 627,843 

I k i ~ l i t ,  ft 1.0.1 5 . 2  3.4 2 . 1  

D i w e t e r ,  ft -- -- 7.2 1.2 

___I__ ______._________..___--- ---_ - 
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c114 8,267.1 17,200 17,82?. 2 92.109 
co 9 , 57 !. .5 19.920 19.3 0,100 

"2 
48.1 0.100 9,603.2  0.090 CO? 

1120 

Total 4 8,OG 't . A 100.0 28,955 . I  100.0 

20,357.6 61.080 692.3 3.57 7 
90.1  0.100 96.1 0.497 

I x2 721 .O 1.500 721.0 3.726 

! 
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optii: ,m nc-bcr of  reac tors  i n  p.?rnllcl i s  seen t o  bc 16, the o p t i m n  
reactor  d i a i x t c r  t o  be 5 . 8  feet,  ai$ tile optinnm rcactor  !leislit is 
4 . 7 5  f ee t .  
much larpcr tiizii thr. previous C:.T.CS studied. 

'(8) ?:iscell;incous 

Tne o!>tixi:n to ta l  c q u i j x s i t  c o s t  is $I,739,780 and i s  

. .  

In t h i s  s tndy,  o n l y  thc  equikiant costs are  considered i n  t l i f  oh jcc t lve  
functfon dim' to the d i f f i c i i l t p  i n  csriri:itlng thc  costs of var ious  feed 
gases vhich dcpcnd 5rc.ntIy upon tlic prinnrp gas i f icatLon phases. After 
the  opt imizat ion of the ot!icr sub-systc!a, such as thc primary p,hsifi.cation 
phases,  puri f icat icm pilases and otiicr necessary p i i w c s  has  bccn compietcci, 
tlic o v e r a l l  p l a i t  opt imizat ion must then he pcrforiocd. 

\ .  

. ,  

I 
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10. CONCLUSIO:: 

An o p t i a i z a t i o n  s t u d y  of methanation p rocesses  i n  t h e  coa l  
g a s i f i c n t i o n  p l a t  l i m  b x x i  per fo r red .  Three d i f f e r e n t  fccd composi- 
tion:, namely t h e  h 7 . r  cn case, t h e  i n t e r n e d i a t e  co case and the h izh  
CO case  have been cons idered .  Your d i l f e r c n t  systei:is employing f ixed 
bed rioirnfloyv, c a t a l y t i c  r e z c t o r s  have bccn exnmi.ned. They are t h e  
ad ia! , . t i c .  r cnc to r  sys:.cn, t!ie h e a t  e x t r a c t i o n  sys t e n ,  t h e  cold quench 
SyStciq and t h e  r e c y c l e  s p t e n .  
bccn s i n u l a t e d  due t o  t h e  f a c t  t h a t  i t  occupies  a major p o r t i o n  of  t h e  
t o t a l  equipnent  c o s t .  TI!? f o l l o v i n g  conclus ions  are d r a m  from t h e  
r e s u l t s  of t h e  st t ldy.  

Tlie h e a t  c:<cliary,cr op t imiza t ion  hns a l s o  

1. Owing t o  t h e  extrymely large h e a t  of r e a c t i o n ,  removal of 
h e a t  f ron  tlie r c a c t i n z  gas is  t h e  major problem a s s o c i a t e d  w i t h  
ne thana t ion  process .  The c o s t  of equipnent involvch  i n  h e a t  removal 
such as h e a t  exchangers ,  etc. ,  occup ies  a major p o r t i o n  of t h e  t o t a l  
equipment c o s t ,  
when.tl ic feed gas  c o n t a i n s  a l a r g e  amount of CO. 

The problem of h e a t  removal becomes more complicated 

2. In tlie low CO c a s e ,  s i n c e  CO conccn t rn t ion  i n  tlie fecd  gas is ' 
less tlian 4 .6%,  nn a d i a b a t i c  r e a c t o r  system is  s u f f i c i e n t  to  ach ieve  
a product  gas equ iva len t .  t o  t he  p i p e l i n e  gas q u a l i t y .  
of ot l icr  systems i s  unnecessary.  
hecones tlie op t inun  system f o r  t h e  low CO case .  

The c o n s i d e r a t i o n  
The a d i a b a t i c  r e a c t o r  system then  

I n  t h e  i n t c n e d i a t e  and hig!i CO c a s e s ,  s i n c e  CO concen t r a t ion  i n  the  
feed  gas  is over  4 . 6 % ,  some dev ices  for r enova l  o f  t h e  h e a t  a r e  needed. 
Anong t h r e e  s::stenns cons i2ered;  t h e  co ld  quench s y s t c n  . o f f e r s  t h e  l e a s t  
t o t s 1  equipment c o s t  foll.owcd by t h e  h e a t '  e x t r a c t i o n  system. 
s y s t c n  is by f a r  tlie most expensive s y s t e m ,  

The r e c y c l e  . 

I 
I The above analysis i s  based on t h e  feed g.?s t e q p e r a t u r e  of 100'F, 

t h e  i n l e t  r e a c t o r  t m p e r a t u r e  of -  550°F and t h e  maxinun r e a c t o r  tempera ture  I 

of 850'F. 
1 .  

3. Among t h r e e  s y s t e m  cons idered  i n  t h e  i n t e r n e d i a t e  and h i s h  
CO cases ,  fron t h e  t o t a l  equinment c o s t  p o i n t  of view, t h c  h e a t  
e x t r a c t i o n  system is n o t  t o o  far avay f ro3  t h e  co ld  quench system, b u t  
from t h e  maintenance and opera t iona l .  p o i n t s  of v i cv ,  tlie h e a t  e x t r n c t i o n  
system is n o t  easy to  c o n t r o l  du r iny  t h e  o p e r a t i o n  and nay become u n s t a h l e  
when m a l l  d i s t u r b a n c e s  i n  t h e  o p e r a t i n s  c o n d i t i o n s  are p resen t .  , 

The r c c y c l c  sy4te.n on t h e  o t h e r  hand may be most c o s t l y ,  b u t  is 
easiest t o  c o n t r o l ,  p a r t i c u l a r l y  when tlic CO concen t r a t ion  i n  t h e  f eed  ?as 
i s . h i r , h  and trhen t h e  gas d i s t r i b u t i o n  throuch t h e  c a t a l y s t  bcd i s  n o t  

I 
I 

I LI 

I on l f  orm. 

4. The t o t a l  equipnent  c o s t  is a l s o  a f f e c t e d  hy t h e  feed  gas 
t m p c r a t u r e  and p res su re .  There i s  an op t inun  feed tempera ture  f o r  a 
e iven  concen t r a t ion .  The opt inua .  feed  gas tr:iperature f o r  t h e  l o v  CO 
c a s e  is 200*F, f o r  t h e  i n t e r n e d i a t e  CO case I s  250°F 2nd f o r  t h e  l i i r , h  
co case is 309.F. Since tlic s m l l e r  voli!c?ctric flow rste vould  s i c n i f i -  
c a n t l y  redlice t h e  c o s t  o f  t h e  connrcssor, t h e  pas s!iould be conprcsscd 
t o  n e e t  t?ie p i p e l i n e  Cas spcc i f  i c a t i o n s  sf t e r  t h c  ne thana t ion  p rocess  
and t he  feed  u r e s s u r e  t o  t!ie x t h a n a t i o n  proccss!should  bc as low as 

B 

)I POSS i h  l e  * 
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9. Since t!ic e x p c r i m n t n l  I:i.netic d a t a  arc a v s i l n l i l e  on ly  !i:i t o  
157 of feed CO c o n s c i i t r a t i o n ,  t!ie ? r e s e n t  o:Jti.!nization stiirly is 
r e s t r i c t e d  ::j t h i n  t!ii.s r:xi:;p. I f  tl:e feed Cn co:?por;ition i s  l i i g i i e r  than 
152, r e a c t o r s  v j t h  h e t t c r  h e a t  rex::ovsl s y s t e a s ,  s,ur.h as  u t i l i z i n r ,  t:ic 

sprnyc.d c;'.tnl;':;t on t ! :~  tie::t t r z n s f e r  s!irfnce t o  f n c i  l i t n t c  t h e  quick 
re;xwZl of 1:eat nt!d t l ic liot-r,as-rccycle systm slioul.tl he consic!crr.tl. 

Asswiin?. t h n t  Llie kinc t i . c  r z t c  express ion  u s c d  i n  L ! i i s  s t u d y  i s  
npplic.y!)lc, t!!c recycle syst.c;i i s  optimizct! enplo :J iny  n feed contni:iin:: 
apprc>:f*.:atr!l;.f ?.9:; of CO. Yi,? o;?ti:it!- nuiL.c.r o f  i - ~ a c t o r s  i n  1 ,nral le l .  is 
found t o  !)e 1.6, tlic onti::~um r e a c t o r  d i c ? : x t c r  ol: 5.8 f e e t ,  nnr! t*hc op t imm 
re;?ctcr !ici?!it of 4.75 feet: nnc',' t:-ic o i i t h i r i  t<Jt'.?.?. cquin:!ent cost  0 2  
$1,7*9,7R!l arc o b t z i n c d  froi.1 tlic r e s u l t s .  
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h e a t  t r a n s f e r  a r e a  

t o t a l  h e a t  t r a n s f e r  Zrea o f  f i n  tube  i n  n-th c e l l  

h e a t  t r a n s f e r  a r e a  of  f i r s t ,  soconci a i d  t h i r d  
product  ~ a s  c o o l e r ,  r e s p e c t i v d v  
bare tt!i,r hcat t.rrtvstf:' nfen oL" t i n  tube 
brake ho r se  p o m r  

brake ho r se  poirer of  r e c y c l e  conpres so r  

b a f f l e  spac ing  

i n s t a l l e d  c o s t  of h e a t  exchanger p e r  u n i t  h e a t  
t r a n s f e r  <:*ea b a s e d  on o u t s i d e  

concen t r a t ion  of  product  gas  i n  bu lk  of gas phaso 

c o s t  f o r  supplying one f t . -1b . fo rce  t o  pump f l u i d  
f lowing through i n s i d e  of t u b e s  

h e i g h t  of  a u n i t  c e l l  

c o s t  f o r  supplying 1 f t . -1h . fo rce  t o  pump f l u i d  
f lowing through s h e l l  s i d e  

h e a t  c a p a c i t y  of gases  

mpfy h e a t  c a p a c i t y  of i - t h  component a t  temperature  
T 

h e a t  c z p a c i t y  of product  gas a t  temperature  T(') 

h e a t  c a p a c i t y  of wa te r  

c o s t  p e r  pound of m a t e r i a l  used f o r  c o n s t r u c t i o n  
of r e a c t o r - s h e l l  

3 ( l b  .n;ole/ft e ) 

( $/f t -1b e f o r c e  ) 

( f t .  1 
( $/f t e l b  o f  o r ce ) 

( B . t - u / l b  e F' ) 

(B. t .u./ 
1b.mole"F) 

( B . t e u./lb e OF) 

(E. t . u. / lb  . OF) 

I Cs concen t ra t ion  of product  gas a t  s u r f a c e  of c a t a l y s t  ( lb .mole/f t .  3 ) 
I 

I 
I CT t o t a l  annua l  v a r i a b l e  c o s t  ($/years  1 

Cy c o s t  y e a r  i ndex  (--I 
D i n s i d e  d i ame te r  of r e a c t o r  ( f t .  

De e q u i v a l e n t  d i a n e t e r  f o r  h e a t  t r a n s f e r  tube  ( f t .  

Di i n c i d c  r : i : - ? t p ?  n: tuio ( f t .  

A 

t 
! 
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heat. cxchnnccr c o s t  

pover l o s s  inside tub? pzr  u n i t  of ou t s ide  tube  area 

poacr loss o u t s j d e  tube  pe r  u n i t  of og t s ide  tube  area 

rezcto;* c o s t  

cos t  of u c i t  t r a y  

t o t a l  equj.pr;.snt c o s t  

molar. f i o v  r a t e  of C!I a t  n-th c e l l  

m3lar flat: r a t e  of C3 a t  n-th c s l l  

n o l a r  f l o x  r a t e  of H2 2.t n-th c e l l  

molar flow rate of C02 a t  n-th c e l l  

m l a r  f l o u  r a t e  of H20 a t  n-th c e l l  

r.olnr flov r a t e  of Ei2 a t  n-th cc.l.1 

t o t a l  rcolar f l o a  r a t e  o f  feed gas 

s io la r  f lo -  rate of i - t h  coc;onen-t i n  feed, product 
ar,d rccyclc gas, r c spc - t ive ly  

4 

($1 
(ft .- lb.force/ 
h r  e f t .2) 

hr . f t .2) 
(ft.-lb.force/ 

(S) 
($/unit  t r q )  

(S )  

( I b  .mole/hr e ) 

( I b , ~ d e / i n i  e ) 

(lb .r;;ole/hr. ) 

(lb.mole/hr. ) 

(lb.mole/hr. ) 

(1b.Ro1e/xO) 

(it. 
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FT c o r r e c t i o n  f a c t o r  on A t ,  (7-1 
G s u p e r f i c i a l  MSS v e l o c i t y  ( lb , / f t . ?hr . )  

3 Gs s h e l l s i d e  mass v e l o c i t y  (lb./f t , .  hr.) 

AH h e a t  of r e a c t i o n  (B.t *u ./lb .mgl c CtIll) 

H hours  o f  o p e r a t i o n  per yea r  ( h r  o /yea r )  
Y 

i Ah h y d r a u l i c  head ( ft .Y,O) 
1 

h i  i n s i d e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  of t u b e  (B,t.u./fte2hr, 'F') 

ho o u t s i d e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  of  t ube  (B.t.u./ft.'hy.'F) 

hp f l u i d - p a r t i c l e s  h e a t  t r a p s f c r  Coef f i c i en t  ( B.t.u./ft.2hr. OF) 
t 
1 If c o s t  f a c t o r  (-1 
I 

I JH h e a t  t r a n s f e r  f a c t o r  (-1 

J~ m a s s - t r a n s f w  f a c t o r  ( - - \  
K r a t i o  of s p c c c f i c  heats  (--) 
k thermal conduc t iv i ty  of f l u i d  ( B . t . u. / f t h r  "F 

1, kd d i f fus i . on  c o e f f i c i e q t  
\ I 

KF annual f i x e d  charges  (-1 

5 

I 2 KG mass t r a n s f e r  C o e f f i c i e n t  ( l bxno le /h r . f t .  a tF . )  

e q u i l i b r i u m  c o n s t a n t  o f  methanation r e a c t i o n  

e q u i l i b r i u i i  c o n s t a n t  o f  s h i f t  Teac t ion  

(-1 
(-1 

p i 

G2, 1 
1 ke  e f f e c t i v e  therrr.al c o n d u c t i v i t y  of c a t a l y s t  p a r t i c l e s  (B.t.u./ft.hr.*F) 

kf f l u i d - p a r t i c l e  mass t r a n s f e r  c o e f f i c i e n t  ( f t  . /hr. ) 

ke  t h e m a 1  c o n d u c t i v i t y  o f  gas (B. t .u./ft .hr. O F )  
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PRODUCTION OF SYNTHETIC FUELS FROM COAL BY , 
HYDROGENATION UNDER MEDIUM PRESSURES 

S. A .  Q a d e r ,  R. A .  Haddadin,  
L. L. Anderson,  and G. R. H i l l  

F u e i s  E n g i n e e r i n g  Department  

1 C n i v e r s i t y  of Utah,  S a l t  Lake C i t y ,  Utah 84112 

A b s t r a c t  

The r e s u l t s  of a two stage p r o c e s s  f o r  t h e  c o n v e r s i o n  of a h i g h  1 
v o l a t i l e  b i t u m i n o u s  c o a l  from Utah  t o  g a s o l i n e ,  d i e s e l  o i l ,  g a s ,  
and c h a r  a r e  d e s c r i b e d .  I n  t h e  first s t a g e ,  c o a l  was hydrogenated 
i n  a bench s c a l e  r e a c t o r  a t  h i g h  t e m p e r a t u r e s  and medium p r e s s u r e s  
t o  get a heavy o i l  a s  the main p r o d u c t  w h i c H  w a s  W d r o c r a c k e d  i n  a 
subsequen t  b e n c h  s c a l e  o p e r a t i o n  to produce  g a s o l i n e  and d i e s e l  I 

o i l .  The o v e r a l l  m a t e r i a l  b a l a n c e  i n d i c a t e d  t h a t  c o a l  c a n  b e  con- I 

v e r t e d  t o  30% h i g h  o c t a n e  g a s o l i n e ,  5% h i g h  speed  d i e s e l  o i l ,  35% 
h i g h  B.T.U.  g a s ,  and 30% c h a r .  A c o n c e p t u a l  scheme f o r  t h e  process-  
i n g  o f  100 t o n s  o f  c o a l  is p roposed .  

I n t r o d u c t i o n  

High p r e s s u r e  h y d r o g e n a t i o n  o f  c o a l  f o r  t h e  p r o d u c t i o n  o f  s y n t h e t i c  
l i q u i d  f u e l s  was p r a c t i s e d  i n  Germany d u r i n g  World War 11. Hydro- 
g e n a t i o n  was c a r r i e d  o u t  a t  p r e s s u r e s  f rom 5000 t o  10 ,000  p s i  and 
t h e  processes w e r e  found e c o n o m i c a l l y  u n c o m p e t i t i v e  (Gordon, 1947) .  
A d e m o n s t r a t i o n  p l a n t  fo r  c o a l  h y d r o g e n a t i o n  a t  7500 t o  10 ,000  psi , 
p r e s s u r e  was o p e r a t e d  by t h e  U. S. Bureau o f  Mines d u r i n g  1949 t o  
1953 f o r  an  economic e v a l u a t i o n  o f  t h e  p r o c e s s  (U. S. Bureau of  
Mines,  1962) .  The p r o c e s s  was found to b e  e c o n o m i c a l l y  u n f a v o r -  
a b l e .  The t e c h n o l o g y  d e v e l o p e d  d u r i n g  t h e  l a s t  decade  i n d i c a t e d  
t h e  economic f e a s i b i l i t y  o f  h y d r o g e n a t i o n  of c o a l  u n d e r  medium 
p r e s s u r e  c o n d i t i o n s .  The H-coal  p r o c e s s  was deve loped  f o r  c o a l  
h y d r o g e n a t i o n  u n d e r  medium p r e s s u r e s  of 1500 t o  3000 p s i  and it 
was o p e r a t e d  i n  an  e b u l l a t e d  bed r e a c t o r .  The p i l o t  p l a n t  d a t a  
demons t r a t ed  t h e  economic f e a s i b i l i t y  o f  t h e  H-coal p r o c e s s  (Alpe r t  , 
e t  a l . ,  1 9 6 4 ) .  I n  t h e  p r e s e n t  communicat ion,  t h e  r e s u l t s  o f  a two 
s t a g e  h y d r o g e n a t i o n  p r o c e s s  f o r  t h e  c o n v e r s i o n  of c o a l  t o  g a s o l i n e ,  
d i e s e l  o i l ,  g a s ,  and c h a r  u n d e r  medium p r e s s u r e  c o n d i t i o n s ,  a r e  
r e p o r t e d .  

E x u e r i m e n t a l  

4 

I 

,5 

1 

B a t e r i a l s .  1 

A L Z - L  --- - L -  7 -  ‘ U ~ U  VUI~~,IIIZ bituminous A-seam, King Mine, S p r i n g  Canyon c o a i  

I f r o m  Utah and h i g h  t e m p e r a t u r e  coke ( T a b l e  1 )  y e r e  used f o r  
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I I 

h y d r o g e n a t i o n .  Ana la r  g r a d e  s ta i lnous  c h l o r i d e  was used  a s  t h e  c a t a -  
l y s t .  The c a t a l y s t  was c o m p l e t e l y  s o l u b l e  i n  w a t e r  and i n s o l u b l e  
i n  benzene .  

Eq uiune  n t . 
The f low s h e e t  o f  t h e  bench  s c a l e  u n i t  for c o a l  h y d r o g e n a t i o n  is  
shown i n  F i g u r e  1. Hydrogen was drawn from t h e  c y l i n d e r  1, com- 
p r e s s e d  by t h e  compresso r  4 ,  and s t o r e d  i n  t h e  s t o r a g e  t a n k  5 .  
Hydrogen from t h e  s t o r a g e  t a n k  was p r e h e a t e d  t o  a b o u t  300°C b e f o r e  
i t  e n t e r e d  t h e  r e a c t o r  9 .  The c o a l  was f e d  c o n t i n u o u s l y  t o  t h e  
r e a c t o r  from t h e  h o p p e r  7 ,  by  a h o r i z o n t a l  screw f e e d e r  9 ,  o p e r a t e d  
by  a motor 8 .  The c o a l  f e e d  r a t e  was c o n t r o l l e d  by a c a l i b r a t e d  
d e v i c e  a t t a c h e d  t o  t h e  motor .  The r e a c t o r  w a s  made o f  316 s t a i n -  
less steel and was 4 fee t  h i g h  and 2 i n c h e s  i n s i d e  d i a m e t e r .  It 
was p rov ided  w i t h  a the rmowel l  e x t e n d i n g  t o  t h e  c e n t e r  f o r  tempera-  
t u r e  measurements  and l i n e s  f o r  t h e  i n j e c t i o n  o f  c o l d  hydrogen .  
Coa l  g e t s  hydrogena ted  w h i l e  i t  f a l l s  down t h e  r e a c t o r .  The s o l i d  
and l i q u i d  p r o d u c t s  w e r e  c o l l e c t e d  i n  t h e  l i n e r  o f  t h e  quench  t a n k  
11. The gases p a s s e d  t h r o u g h  t h e  c o n d e n s e r  1 2  and t h e  condensed  
l i q u i d  was c o l l e c t e d  i n  t h e  t r a p  1 3 .  The uncondensed g a s  was 
metered  by  t h e  w e t  g a s  meter 1 4  and l e t  o u t  i n t o  t h e  a tmosphe re .  
No r e c y c l i n g  of  t h e  e x i t  g a s  was p r a c t i s e d .  The hydrogen  f l o w  
r a t e  was c o n t r o l l e d  manual ly  b y  t h e  h i g h  p r e s s u r e  r e g u l a t i n g  v a l v e s  
2A-2F.  The who le  s y s t e m  was d e s i g n e d  f o r  a maximum ,working p r e s -  
s u r e  o f  5000 p s i  a t  room t e m p e r a t u r e  and t h e  r e a c t o r  and p r e h e a t e r  
f o r  5000 p s i  a t  7OO0C. 

The heavy o i l  o b t a i n e d  by  c o a l  h y d r o g e n a t i o n  was r e f i n e d  i n  a con- 
t i n u o u s  bench  s c a l e  u n i t  w i t h  a s t a t i c  bed r e a c t o r  shown i n  F i g u r e  
2 .  It c o n s i s t e d  of a v e r t i c a l  t u b u l a r  s t a i n l e s s s t e e l  r e a c t o r  of  
0 .75-inch i n s i d e  d i a m e t e r  and 40-inch l e n g t h  w i t h  e x t e n s i v e  means 
for c o n t r o l l i n g  t e m p e r a t u r e ,  p r e s s u r e ,  and g a s  and l i q u i d  f low 
r a t e s .  The f i rs t  20 i n c h e s  o f  t h e  r e a c t o r  l e n g t h  f r o m  t h e  t o p  was 
packed w i t h  ceramic b e a d s  of 0 .17- inch  d i a m e t e r ,  t h e  n e x t  6 . 5  
i n c h e s  w i t h  t h e  c a t a l y s t  (60  c - c ) ,  and t h e  f o l l o w i n g  1 2  i n c h e s  
a g a i n  w i t h  c e r a m i c  b e a d s .  The t o p  bed o f  c e r a m i c  ' b e a d s  a c t s  as 
t h e  p r e h e a t i n g  zone .  The t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  c a t a l y s t  
bed was measured  w i t h  a the rmocoup le  p l a c e d  between t h e  r e a c t o r  
and f u r n a c e  w a l l s .  The hydrogen s u p p l y  was t a k e n  f r o m  a hydrogen  
c y l i n d e r  w i t h  a maximum p r e s s u r e  o f  2300 p s i .  

P r o c e d u r e  f o r  c o a l  h y d r o p e n a t i o n  - 
C o a l  was ground i n  a hammer m i l l ,  s c r e e n e d ,  and d r i e d  a t  l l O ° C .  
The d r y  c o a l  was impregna ted  w i t h  t h e  c a t a l y s t  b y  s p r a y i n g  a w a t e r  
s o l u t i o n  of t h e  l a t t e r  i n  a m i x e r .  The impregna ted  c o a l  w a s  a g a i n  
d r i e d  t o  remove a l l  t h e  w a t e r .  The d r y  impregna ted  c o a l  w a s  mixed 
w i t h  an  e q u a l  q u a n t i t y  of h i g h  t e m p e r a t u r e  coke  o f  t h e  same s i z e .  
About 1 0  pounds of t h e  coa l -coke  m i x t u r e  was c h a r g e d  i n t o  t h e  
h o p p e r  and p r e s s u r i z e d  w i t h  hydrogen .  The whole  s y s t e m  was f i r s t  
f l u s h e d  w i t h  p r e h e a t e d  hydrogen f r o m  t h e  storage t a n k  and t h e  
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s y s t e m  was p r e s s u r i z e d  t o  t h e  d e s i r e d  p r e s s u r e .  The r a t e  o f  
hydrogen  flow was m a i n t a i n e d  a t  a b o u t  15 l i t e r s  p e r  minu te .  When 
t h e  tempe ' ra ture  i n  t h e  r e a c t o r  was s t a b i l i z e d ,  coa l - coke  m i x t u r e  
was f e d  t o  t h e  r e a c t o r  a t  t h e  r a t e  of about  5 grams p e r  m i n u t e .  
The p r e s s u r e  and t e m p e r a t u r e  i n s i d e  t h e  r e . a c t o r  were ma in ta ined  
c o n s t a n t  t h r o u g h o u t .  The o u t l e t  g a s  was sampled e v e r y  h a l f  h o u r  
f o r  a n a l y s i s ,  Each  r u n  was c a r r i e d  o u t  f o r  a b o u t  1 5  t o  '16 h o u r s .  
A f t e r  a l l  t h e  c o a l - - c o k e  m i x t u r e  was f ed  t o  t h e  r e a c t o r ,  h e a t i n g  and 
hydrogen  f l o w  w e r e  s t o p p e d  and t h e  sys t em was a l lowed  t o  c o o l  down 
t o  a t m o s p h e r i c  t e m p e r a t u r e .  A f t e r  t h e  sys tem a t t a . i n e d  a t m o s p h e r i c  
tempera . ture  and p r e s s u r e ,  t h e  l i n e r .  f rom t h e  quench  t a n k  was t a k e n  
o u t .  The c o n t e n t s  of t h e  l i n e r  and t h e  l i g h t  o i l  t r a p  were weighed.  
The p e r c e n t a g e  c o n v e r s i o n  of c o a l  t o  g a s  was c a l c u l a t e d  from t h e  
t o t a l  q u a n t i t y  of g a s  passed  t h r o u g h  t h e  sys t em d u r i n g  each  e x p e r i -  
ment  and its a n a l y s i s .  The w e i g h t  o f  a l l  t h e  p r o d u c t s  exceeded  t h e  
w e i g h t  of f eed  and  t h e  d i f f e r e n c e  . in we igh t  was t a k e n  a s  p e r c e n t  
hydrogen  consumed i n  t h e  p r o c e s s .  The amount of w a t e r  formed was 
found  a l m o s t  e q u a l  t o  t h e  hydrogen  consumed and t h e  y i e l d  of  
g a s e o u s ,  l i q u i d ,  and s o l i d  p r o d u c t s  was , l oo% o n  t h e  bas . i s  o f  c o a l  
f e e d .  The o i l  f r o m  t h e  c o n t e n t s  o f  t h e  l i n e r  w e r e  e x t r a c t e d  w i t h  
b e n z e n e  and t h e  c h a r  s e p a r a t e d .  The benzene  was d i s t i l l e d  off  t o  
ge t  t h e  o i l  p r o d u c t . .  The l i g h t  o i l  c o l l e c t e d  i n  t h e  t r a p  was added 
t o  t h e  o i l  o b t a i n e d  b y  benzene  e x t r a c t i o n  t o  .get t h e  t o t a l  o i l  . 
p r o d u c t .  The c h a r  w a s  washed w i t h  w a t e r  t o  d i s s o l v e  t h e  c a t a l y s t .  
The r e s u l t a n t  c h a r  w a s  d r i e d  a t .  l l O O C  and a n a l y z e d . .  The amount o f  
s t a n n o u s  c h l o r i d e  d i s s o l v e d  i n  t h e  water .  e x t r a c t  was d e t e r m i n e d .  

P r o c e d u r e  f o r  h y d r o t r e a t i n g  of o i l .  

The  t o t a l  o i l  p r o d u c t  o b t a i n e d  f rom c o a l  was h y d r o r e f i n e d  a t  4 2 O o C ,  
1500 psi p r e s s u r e ,  a n d  a s p a c e - v e l o c f t y  of 1 . 0  o v e r  a c o b a l t -  
mo lybda te  on a l u m i n a  i n d u s t r i a l  c a t a l y s t .  It was a l s o  hydrocracked  
a t  49OoC, 2000 p s i  p r e s s u r e ,  and l . 0 - s p a c e - v e l o c i t y .  The hydrogen  
consumpt ion  i n  t h e s e  o p e r a t i o n s  was o b t a i n e d  from t h e  d i f f e r e n c e  i n  
t h e  w e i g h t  of t o t a l  p r o d u c t s  and f e e d .  The l i q u i d  p r o d u c t  was d i s -  
t i l l e d  i n t o  d i f f e r e n t  f r a c t i o n s .  The l i g h t  o i l  f r a c t i o n  b o i l i n g  
up  to  2OO0C was d e s i g n a t e d  a s  g a s o l i n e ,  t h e  f r a c t i o n  from 200° t o  
360OC a s  d i e s e l  o i l ,  and t h e  r e m a i n i n g  as  r e s i d u e .  The d i e s e l  o i l  
f r a c t i o n  was r e f i n e d  by  e x t r a c t i o n  w i t h  a m i x t u r e  of d i m e t h y l  . 
formamide  and n - h e p t a n e  t o  improve t h e  d i e s e l  i n d e x  (Qader  and 
Vaidyeswaran ,  1 9 6 6 ) .  I n  t h e  hyA r o t r e a t i n g  work ,  t h e  coke  d e p o s i t  
i n s i d e  t h e  reac tor  w a s  b u r n t  o f f  a f t e r  e a c h  e x p e r i m e n t  by f l u s h i n g  
t h e  r e a c t o r  a t  500°C w i t h  a i r  f o r  10 h o u r s .  

P r o d u c t  a n a l y s i s .  

The p rox ima te  and u l t i m a t e  a n a l y s i s  of c o a l ,  c o k e ,  and c h a r  were 
done by  c o n v e n t i o n a l  methods  S u l f u r  was de te r rn lned  b y  t h e  bomb 
method and n i t r o g e n  b y  t h e  C-H-N c h r o m a t o g r a p h i c  a n a l y z e r ,  F .  M. 
Model 1 8 5 .  Hydrocarbon t y p e  a n a l y s i s  of t h e  g a s o l i n e  was done 
by t h e  Fluorescent-Indicator-Adsorptioq method (ASTM D-1319-65T). 
The hydroca rbon  t y p e s  i n  t h e  heavy o i l  f e e d  and d i e s e l  o i l  w e r e  
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d e t e r m i n e d  by chemica l  methods (ASTM D-1019-62),  The n a p h t h e n e s  
i n  t h e  g a s o l i n e  w e r e  e s t i m a t e d  by t h e  r e f r a c t i v i t y  i n t e r c e p t  method 
(ASTM D-1840-64). The n - p a r a f f i n  c o n t e n t  was d e t e r m i n e d  by  adso rp -  
t i o n  on 5 - A  m o l e c u l a r  s i e v e s  i n  a g J a s s  column o f  0 . 5 - i n c h  d i a m e t e r  
and 1 . 5 - f o o t  h e i g h t .  The i s o p a r a f f i n s  were o b t a i n e d  by  t h e  d i f -  
f e r e n c e .  The t a r  a c i d s  and b a s e s  were e s t i m a t e d  by e x t r a c t i o n  w i t h  
10% sodium hydrox ide  and 20% s u l f u r i c  a c i d ,  r e s p e c t i v e l y .  The 
d i e s e l  i n d e x  was c a l c u l a t e d  from API g r a v i t y  qnd a n i l i n e  p o i n t .  
The o c t a n e  number was d e t e r m i n e d  by  t h e  Resea rch  Method. The g a s  
a n a l y s i s  was done by g a s  ch romatography  i n  t h e  F. M. Model 7 2 0  
d u a l  column programmed t e m p e r a t u r e  g a s  ch romatograph .  

R e s u l t s  and D i s c u s s i o n  

The a d m i x t u r e  of coke  w i t h  c o a l  i n  1.1 r a t i o  e l i m i n a t e d  a l m o s t  a l l  
t h e  c a k i n g  an? a g g l o m e r a t i o n  problems i n  t h e  r e a c t o r .  N o  s i g n i f i -  
c a n t  c o n v e r s i o n  o f  c o k e  was found when it was hydrogena ted  a l o n e .  
The p r e s e n c e  o f  coke i n  t h e  f e e d  d i d  n o t  a f f e c t  t h e  p r o d u c t  d i s t r i b u -  
t i o n  t o  any  a p p r e c i a b l e  e x t e n t .  The f e e d  p a r t i c l e s  a t t a i n e d  t h e  
r e a c t i o n  t e m p e r a t u r e  w h i l e  t h e y  w e r e  h a l f w a y  down t h e  r e a c t o r .  The 
c o k i n g  o f  t h e  l i q u i d  p r o d u c t  was minimized due t o  $he s h o r t  resi- 
dence  t i m e .  The hydrogen  consumpt ion  i n  t h e  p r o c e s s  v a r i e d  between 
4 and 7% o f  t h e  f eed  c o a l  and t h e  c o n v e r s i o n  t o  w a t e r  was found t o  
be a b o u t  5 t o  8%. About 50% of t h e  s u l f u r  and n i t r o g e n  i n  t h e  c o a l  
was r e t a i n e d  i n  t h e  c h a r  w h i l e  t h e  r e m a i n i n g  was e v e n l y  d i s t r i b u t e d  
i n  t h e  l i q u i d  and g a s e o u s  p r o d u c t s .  About 70 t o  80% of oxygen i n  
t h e  c o a l  was c o n v e r t e d  t o  w a t e r .  About 80% of t h e  c a t a l y s t  used 
was r e c o v e r e d  by wash ing  t h e  c h a r  w i t h  w a t e r ,  

The r e s i d e n c e  t i m e  of t h e  f e e d  p a r t i c l e s  i n  t h e  r e a c t o r  was e x p e c t e d  
t o  be a b o u t  5 s e c o n d s  and hence  t h e  p a r t i c l e  s i z e  o f  t h e  f e e d  was 
o f  g r e a t  s i g n i f i c a n c e  i n  t h i s  work. C o a l  and coke  a r e  bad c o n d u c t o r s  
of h e a t  and need l o n g  r e s i d e n c e  t i m e s  t o  pe t  h e a t e d  t o  t h e  r e a c t i o n  
t e m p e r a t u r e .  Because o f  t h e  s h o r t  r e s i d e n c e  t i m e s  i n v o l v e d  i n  t h i s  
p r o c e s s ,  t h e  s i z e  o f  t h e  c o a l  f e e d  was k e p t  +s  f i n e  a s  p o s s i b l e .  
The i n f l u e n c e  o f  t h e  s i z e  o f  f e e d  p a r t i c l e s  on p r o d u c t  d i s t r i b u t i o n  
is  shown i n  F i g u r e  3 .  The c o n v e r s i o n  of coal  t o  l i q u i d  and g a s e o u s  
p r o d u c t s  d e c r e a s e d  w i t h  a n  i n c r e a s e  i n  t h e  p a r t i c l e  s i z e  w h i l e  t h e  
y i e l d  o f  c h a r  i n c r e a s e d .  A p a r t i c l e  s i z e  o f  a b o u t  5 0  m i c r o n s  was 
found t o  a f f e c t  maximum c o n v e r s i o n  of c o a l .  However, for p r a c t i c a l  
r e a s o n s ,  a p a r t i c l e  s i z e  o f  a b o u t  250 m i c r o n s  was used i n  t h i s  
i n v e s t i g a t i o n .  A l o n g e r  r e a c t o r  m i g h t  b e  n e c e s s a r y  for f e e d i n g  
l a r g e r  p a r t i c l e s  e f f e c t i v e l y .  

A l a r g e  e x c e s s  o f  t h e  c a t a l y s t  was u s e d  i n  t h e s e  e x p e r i m e n t s  t o  
b r i n g  a b o u t  a d e q u a t e  c o n t a c t  between t h e  c o a l  p a r t i c l e s ,  c a t a l y s t ,  
and hydrogen .  S e v e r a l  c a t a l y s t s  w e r e  used f o r  c o a l  h y d r o g e n a t i o n  
( T a b l e  1 1 )  and s t a n n o u s  c h l o r i d e  a f f e c t e d  maximum c o a l  c o n v e r s i o n  
of  75% a t  a n  optimum c o n c e n t r a t i o n  of 1 5 %  by  w e i g h t  of c o a l  ( F i g u r e  
4 ) .  A p a r t  o f  t h e  s t a n n o u s  c h l o r i d e  m i g h t  v a p o r i z e  and decompose 
d u r i n g  t h e  p r o c e s s  and may n o t  t a k e  p a r t  i n  t h e  h y d r o g e n a t i o n  o f  
c o a l ,  Only t h e  undecomposed s t a n n o u s  c h l o r i d e  m i g h t  b e  c a t a l y z i n g  
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t h e  r e a c t i o n s ,  a s  a l s o  p o i n t e d  o u t  by  Z i e l k e ,  e t  a l .  ( 1 9 6 6 ) ,  neces'- 
s i t a t i n g  t h e  u s a g e  o f  a l a rge  e x c e s s  o f  t h e  c a t a l y s t . .  The h i g h e r  
c o n v e r s i o n s  o b t a i n e d  w i t h  s t a n n o u s  c h l o r i d e  might  p r o b a b l y  be  due 
t o  i t s  known b e t t e r  thermodynamic s t a b i l i t y  toward decompos i t ion  
when compared t o  t h e  o t h e r  m e t a l  h a l i d e s  u s e d .  

T e r n w r i t l i r e  r-- - - - -  2nd pressure had marked i n f l i i i n c e  on pi 'oduct d i s t r j . -  
b u t i o n .  The y i e l d  of T i q u i d  p r o d u c t  i n c r e a s e d  up  t o  5 1 5 O C  b u t  
d e c r e a s e d  a t  h i g h e r  t e m p e r a t u r e s  w f i i l e  t h e  y i e l d  of g a s  i n c r e a s e d  
l i n e a r l y  w i t h  t e m p e r a t u r e .  The y i e l d  of c h a r  d e c r e a s e d  up t o  5 1 5 O C  
b u t  remained  a l m o s t  t h e  same a t  h i g h e r  t e m p e r a t u r e s '  ( F i g u r e  5 ) .  A 
t e m p e r a t u r e  of 5 1 5 O C  was found t o  b e  optimum f o r  maximum l i q u i d  
p r o d u c t  y i e l d .  Above 51s0C, c r a c k i n g  of t h e  l i q u i d  p r o d u c t  took 
p l a c e  w i t h  t h e  p r o d u c t i o n  o f  g a s .  The l i q u i d  p r o d u c t  i n c r e a s e d  
w i t h  p r e s s u r e  w i t h -  a c o r r e s p d n d i n g  d e c r e a s e  i n  t h e  y i e l d  o f  c h a r .  
P r e s s u r e  had  l i t t l e  e f f e c t  on g a s  y i e l d  ( F i g u r e  6 ) .  A p r e s s u r e  o f  
2000 p s i  was found t o  be optimum f o r  maximum c o n v e r s i o n .  

The a n a l y s i s  of t h e  p r o d u c t s  o b t a i n e d  a t  5 1 5 O C  and 2000 p s i  p res -  
s u r e  is g i v e n  i n  Table  111. The l i q u i d  p r o d u c t  was somewhat s i m i l a r  
t o  l o w  t e m p e r a t u r e  t a r .  .It was l i g h t  and c o n t a i n e d  20% l i g h t  o i l  
b o i l i n g  u p  t o  2OO0C and .20% t a r  a c i d s .  The c o m p o s i t i o n  o f  t h e  
l i q u i d  p r o d u c t  i n d i c a t e d  t h a t  c o n s i d e r a b l e .  c r a c k i n g  o f  t h e  pr imary 
p r o d u c t  t o o k  p lace  during t h e  process.  The g a s e o u s  p r o d u c t ,  e x c l u -  
s i v e  of p r o c e s s  hydrogen ,  c o n t a i n e d  a b o u t  85% methane w i t h  s m a l l  
q u a n t i t i e s  o f  e t h a n e  and p r o p a n e .  The p a s  c o m p o s i t i o n  i n d i c a t e d  
t h a t  i t  c a n  b e  .used as  a s u b s t i t u t e  f o r  n a t u r a l  gas .  The c h a r  
( T a b l e  111) was produced  when c o a l  was hydrogenated  w i t h o u t  mixing 
w i t h  h i g h  t e m p e r a t u r e  coke  and i t  was found t o  be a s  good a s  high 
t e m p e r a t u r e  coke i n  r e d u c i n g  c a k i n g  and a g g l o m e r a t i o n  of c o a l  
d u r i n g  h y d r o g e n a t i o n .  It c a n  be used f o r  power g e n e r a t i o n  or 
hydrogen  p r o d u c t i o n .  

H y d r o r e f i n i n g  of t h e  l i q u i d  p r o d u c t  a t  42OoC, 1500 p s i  p r e s s u r e ,  
and 1 - s p a c e - v e l o c i t y  ( T a b l e .  IV) y i e l d e d  26% g a s o l i n e  of 78 r e s e a r c h  
o c t a n e  and 56% of d i e s e l  o i l  w i t h  43  d i e s e l  i n d e x .  S o l v e n t  r e f i n -  
i n g  of d i e s e l  o i l  y i e l d e d  48% of h i g h  speed  d i e s e l  o i l .  The hydro- 
c r a c k i n g  of t h e  l i q u i d  p r o d u c t  o v e r  t h e  d u a l - . f u n c t i o n a l  c a t a l y s t  
y i e l d e d  69% of g a s o l i n e  o f  9 3  r e s e a r c h  o c t a n e  and 1 7 %  of low speed  
d i e s e l  o i l .  A f t e r  s o l v e n t  r e f i n i n g ,  h i g h  speed  d i e s e l  o i l  was 
o b t a i n e d  i n  a y i e l d  of 1 2 %  ( T a b l e  V )  I The t a r  a c i d s ,  s u l f u r ,  and 
n i t r o g e n  w e r e  removed a l m o s t  c o m p l e t e l y  d u r i n g  h y d r o r e f i n i n g  and 
h y d r o c r a c k i n g  o p e r a t i o n s .  Hydrogen consumpt ion  v a r i e d  between 2 
and 3% o f  t h e  o i l .  i n  t h e s e  o p e r a t i o n s .  

The o v e r a l l  m a t e r i a l  b a l a n c e  is s c h e m a t i c a l l y  shown i n  F i g u r e  7. 
Scheme I r e p r e s e n t s  t h e  y i e l d  of v a r i o u s  p r o d u c t s  from a s i n g l e  
c h a r g e  o f  10 pounds c o n t a i n i n g  5 pounds o f  c o a l .  The amount o f  
hydrogen  consumed i n  t h e  p r o c e s s  w a s  found t o  b e  a p p r o x i m a t e l y  
e q u a l  tm the a m o ~ n t  ef w a t e r  f o r m e d .  Scheiiie 11 iepreserits  tile 
n a t u r e  and o v e r a l l  y i e l d  o f  t h e  p r o d u c t s  from c o a l .  The g a s  yield 
in t h i s  scheme compr i sed  of t h e  y i e l d  of gas  ,in b o t h  t h e  operations 
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I n  Scheme I.  S i m i l a r l y ,  t h e  c h a r  compr i sed  of t h e  c h a r  and r e s i d u e  
produced i n  Scheme I .  The c o n c e p t u a l  p r o d u c t  y i e l d s  ( T a b l e  VI) were 

I c a l c u l a t e d  from t h e  d a t a  c o v e r i n g  s e v e r a l  b a t c h  r u n s .  The c h a r  
8 p roduced i n  t h e  p r o c e s s  was used i n  a d m i x t u r e  w i t h  c o a l  i n  1:l r a t i o  

and t h e  hydrogen consumpt ion  i n  b o t h  t h e  s t a g e s  of t h e  p r o c e s s  was 
approx ima ted  t o  6% of  t h e  c o a l  f e e d ,  The m a t e r i a l  b a l a n c e  i n  Table  
V I  was o b t a i n e d  by  c a l c u l a t i n g  t h e  y i e l d s  a f t e r  n o r m a l i z a t i o n  of  
t h e  t o t a l  p r o d u c t  r e c o v e r y  t o  106 w t .  % o f  c o a l  f e e d .  A c o n c e p t u a l  
s c h e m a t i c  d i ag ram o f  a c o a l  r e f i n e r y  u t i l i z i n g  t h e  two s t a g e  p r o c e s s  
d e s c r i b e d  i n  t h i s  p a p e r  i s  shown i n  F i g u r e  8 .  The r e s u l t s  o b t a i n e d  
i n  t h i s  i n v e s t i g a t i o n  d e m o n s t r a t e d  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  
two s t a g e  p r o c e s s  f o r  t h e  c o n v e r s i o n  o f  c o a l  t o  h i g h  o c t a n e  gaso-  
l i n e ,  h i g h  speed d i e s e l  o i l ,  and h i g h  B . T . U .  g a s .  

i 
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I 

T a b l e  1 .  P r o p e r t i e s  of  c o a l  and c o k e .  

Proximate  a n a l y s i s ,  w t .  % 
( m o i s t u r e  free b a s i s )  

V o l a t i l e  m a t t e r  

Ash 

F i x e d  carbon 

U l t i m a t e  a n a l y s i s ,  w t .  % 

Carbon 

Hydrogen 

Oxygen 

S u l f u r  

N i t r o g e n  

C a l o r i f i c  v a l u e ,  BTU/lb 

Coal  
I_ 

' 4 6 . 8  

6 . 7  

4 6 . 5  

7 5 . 8 8  I 

5 . 5 8  

9 . 5 0  

0.94 

1 . 5 0  

1 3 , 2 5 0  

Coke - 

2 . 5  

10.0 

8 7 . 5  



172. 

Table  11. P r o d u c t  d i s t r i b u t i o n  w i t h  d i f f e r e n t  c a t a l y s t s .  
Temperature,  5 1 s o c ;  Pressure . ,  2000 p s i  

Product  d i s t r i b u t i o n ,  w t .  $ 
T o t a l  

Char - Gas - Oi 1 C a t a l y s t  c o n v e r s i o n  - 
. ,  

S t a n n o u s  c h l o r i d e ,  7 5 . 0  4 3 . 0  3 2 . 0  2 5 . 0  

Ammonium molybdate 6 9 . 0  3 9 . 0  3 0 . 0  3 1 . 0  

N i c k e l  c h l o r i d e  7 1 . 0  4 1 . 0  3 0 . 0  29 .‘O 

Ferrous c h l o r i d e  6 5 . 0  3 8 . 0  27.. 0 3 5 . 0  I 

Z i n c  c h l o r i d e  5 5 . 0  2 9 . 0  2 6 . 0  45.0 
- 

I 



173. 

T a b l e  111.. P r o p e r t i e s  of p r o d u c t s .  
T e m p e r a t u r e ,  5 1 5 O C  
P r e s s u r e ,  2000 p s i  

L i q u i d  Droduc t 
Sp. gr, 2o0C 
S u l f u r ,  w t .  % 
Nit rogen ,  w t .  % 
Tar a c i d s ,  v o l .  % 
Tar b a s e s ,  w t .  % 
D i s t i l l a t i o n  d a t a  

I . B . P . ,  OC 

Up t o  350°C, v o l .  % 
Residue ,  v o l .  % 

u p  t o  200oc,  v o l .  % 

Hydrocarbon t y p e s  i n  n e u t r a l  o i l  
up t o  350°C, v o l .  % 

S a t u r a t e s  
O l e f i n s  
Aromat ics  

G a s  c o m p o s i t i o n ,  v o l .  % 
Hydrogen 
Methane 
Ethane 
Propane 

Char  a n a l y s i s .  w t .  % 

0.9946 
0.3214 
0.5820 

1 . 5 0  
20.0 

75 
20.0 
7 2 . 0  
28 .0  

4 6 . 0  
6 . 0  

4 8 . 0  

V o l a t i l e  m a t t e r  
Ash 
Fixed  c a r b o n  
Carbon 
Hydrogen 
Oxygen 
S u l f u r  
Ni t rogen  
C a l o r i f i c  v a l u e ,  BTU/lb 

7 .0  
1 2 . 0  
8 1 . 0  
7 7 . 5  

5 . 4  
2 . 6  
0 .38  
0 .62  

1 4 , 0 0 0  
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Table  I V .  Y i e l d s  and q u a l i t y  of  h y d r o r e f i n e d  p r o d u c t s .  
Temperature , 42OoC; p r e s s u r e ,  1500  p s i ;  sp .  
ve l . ,  1 . 0 ;  c a t a l y s t  , coba l t -molybdate  on 
a lumina  

Y i e l d s ,  v o l .  % 

T o t a l  p r o d u c t  

'Gaso l ine  

Diesel o i l  

9 9 . 0  

2 6 . 0  

5 6 . 0  

Refined d i e s e l  o i l  4 8 . 0  

G a s  2 . 0  

Res idue  ~ 1 2 . 0  

Composi t ion  o f  g a s o l i n e ,  v o l .  % 

S a t u r a t e s  5 8 . 0  

O l e f i n s  3 . 0  

Aromatics  3 9 . 0  

Research o c t a n e  number 7 8 . 0  

Diesel i n d e x  of d i e s e l  o i l  4 3 . 0  

Diesel i n d e x  of r e f i n e d  d i e s e l  o i l  5 0 . 0  
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- 

T a b l e  V.  Y i e l d s  and q u a l i t y  o f  hydrocracked  p r o d u c t s .  
T e m p e r a t u r e ,  490oC; pressure, 2000 p s i ;  s p .  
veL, 1 . 0 ;  c a t a l y s t ,  n i c k e l  s u l f i d e - t u n g s t e n  
s u l f i d e  on s i l i c a - a l u m i n a  

I 

I Y i e l d s ,  v o l .  % 

T o t a l  p r o d u c t  

G a s o l i n e  

100.0 

69 0 

! Diesel' o i l  1 7 . 0  

Ref ined  d i e s e l  oil 1 2 . 0  

, Gas 8 . 0  

5 Residue  6 .O 

Composi t ion of g a s o l i n e ,  v o l .  % 

Aromat ics  5 2 . 0  I< 

I s o p a r a f f i n s  

O l e f i n s  

Naphthene s 

N-paraf f i n s  

Research  o c t a n e  number 1 

21.0 

2.0 

8 . 0  

17.0 

93.0 

> Diesel i n d e x  o f  d i e s e l  o i l  3 1 . 0  , 
I 

'< I Diesel i n d e x  of r e f i n e d  d i e s e l  o i l  50 .0  
Q 

! 
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T a b l e  V I .  Conceptual  product  y i e l d s .  
C o a l ,  1 0 0  t o n s  ( m . a . f . )  
Hydrogen, 6 t o n s  

P r o d u c t s  Q u a n t i t i e s  

C l - C g  g a s e s ,  c u .  f t .  1 , 3 8 4 , 9 3 0  

G a s o l i n e ,  B b l  . 232 

D i e s e l  o i l ,  B b l .  3 3  

Char, t o n s  2 8  

Water, g a l l o n s  1 , 6 7 0  

Hydrogen s u l f i d e ,  c u .  f t .  2 0 , 8 3 3  

Ammonia, t o n s  1 

I 
i 
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2D 

L J 

2 A  
6 7 

2c 

I 

- 

I 

Exit Gas 
I I l o  I 

5 '  

Figure I. Flow sheet of coal hydrogenation unit. 
I. Hydrogen cylinder, 2 A -  2F. High pressure regulating 
Valves, 3 A S  38. Filters, 4. Compressor, 5. Storage tank, 
6. Preheater. 7. Hopper, 8. Motor, 9. Screw feeder. 
IO. Reactor, I I .  Quench tank, 12. Condenser, 13. Liquid 
trap, 14. Wet gas meter. 

I 

Hydro 

r l G U Q C  2 .  FLOW S r i i T  OF TYE u V O O O T 9 E A T I N G  U N I T .  
I .  H l G r  PRESSUPE P U ~ D ,  7 1 .  7 8 .  7 C .  DDESSUQE GAUGE.  3 .  PEACTOP.  L .  THERMOI  
C O U P L E .  5 .  CLOAMI :  :UDNACE.  6 .  I V S U L A T I O N .  7 .  I T E M P E Q ~ T U R E  CONTROLLER.  
8. C O N D E N S E P .  9 .  S E P A Q 1 T O " .  I O .  A C T I V E  CAPEON T O W E R .  I ! .  GAS M E T C P .  

1 
h 
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70 c 0 

5' 60 I 
I. Liquid 
2. Gas 
3. Char *e 

"0 100 200 300 400 500 
Particle Size, Microns 

Figure 3. Effect of particle size on product distribution. 
Pressure, 2000 psi; Catalyst, 15% by weight; 
Temperature, 51 5 O C. 
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Figure 4. Effect  of catalyst concentration on product 
distribution. Temperature, 515' C. : 
Pressure, 2000 psi.; Size, 250 microns. 
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I 
I .  Liquid 70 c 
2. Gas 
3. Char 

$00 450 500 550 600 650 700 
Temperature, OC. 

Figure 5. Effect of temperature on product distribution. 
Pressure, 2000 psi: Size, 250 microns; 
Catalyst, 15% by weight. 
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Figure 6. Effect of pressure on product distribution. 
Temperature, 515°C.; Size 250,microns; 
Catalyst, 15% by weight. 
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KINETICS OF HYDROGENOLYSIS OF 
LOW TEMPERATURE COAL TAR 

I 

1 

1 

4 

1 

1 

9 

L. L .  Anderson,  M. L. Badawy, 
S. A .  Q a d e r ,  and G .  R,. H i l l  

Department  o f  F u e l s  E n g i n e e r i n g  

U n i v e r s i t y  o f  U tah ,  S a l t  Lake C i t y ,  Utah 84112 

A b s t r a c t  

The h y d r o g e n o l y s i s  o f  a low t e m p e r a t u r e  c o a l  t a r  i n  a b a t c h  a u t o -  
c l a v e  o v e r  a molybdenum t r i o x i d e  c a t a l y s t  y i e l d e d  77% g a s o l i n e  a t  
47S°C and 3000 p s i  p r e s s u r e .  The h i g h e s t  q u a l i t y  g a s o l i n e ,  con-  
t a i n i n g  60% a r o m a t i c s ,  was o b t a i n e d  i n  a y i e l d  of 47% a t  4 5 O o C  and 
a p r e s s u r e  o f  2500 p s i .  H y d r o g e n o l y s i s  o f  t a r  p r o c e e d s  t h r o u g h  a 
mechanism i n v o l v i n g  a c o m b i n a t i o n  o f  s i m u l t a n e o u s  and c o n s e c u t i v e  
c r a c k i n g  and h y d r o g e n a t i o n  r e a c t i o n s  and t h e  o v e r a l l  k i n e t i c s  
o b s e r v e d  i n d i c a t e d  t h a t  t h e  f o r m a t i o n  o f  g a s o l i n e  from t a r  is  of 
f i r s t - o r d e r  w i t h  an  a c t i v a t i o n  e n e r g y  o f  1 1 . 5  K c a l . / m o l e .  Chemi- 
s o r p t i o n  of  t a r  m o l e c u l e s  on  t h e  c a t a l y s t  s u r f a c e  a p p e a r s  t o  be 
t h e  r a t e - d e t e r m i n i n g  s t e p .  

I n t r o d u c t i o n  

H y d r o g e n o l y s i s  is a p o t e n t i a l  method f o r  t h e  t r e a t m e n t  o f  low t e m -  
p e r a t u r e  t a r s ,  m a i n l y  t o  c o n v e r t  t h e  whole t a r  or s e l e c t e d  f r a c t i o n s  
t o  motor  f u e l s .  Most of t h e  work r e p o r t e d  was done  i n  b a t c h  or con- 
tinuous sys t ems  and t h e  p r o d u c t  d i s t r i b u t i o n s  were i n v e s t i g a t e d  
o v e r  d i f f e r e n t  c a t a l y s t s  ( K a l e c h i t s  and S a l i m g a r e e v a  , 1956;  Lang 
and Lacey, 1960;  (Mrs.) Mirza ,  e t  a l .  , . 1 9 6 5 ) .  Very few d a t a  a r e  
so f a r  p u b l i s h e d  o n  t h e  k i n e t i c s  o f  c o a l  t a r  h y d r o g e n o l y s i s ,  though 
some work was r e p o r t e d  cn t h e  k i n e t i c s  o f  t h e  h y d r o g e n a t i o n  o f  pu re  
compounds p r e s e n t  i n  t a r s  (Wi l son ,  e t  a l . ,  1957 ;  Owens and Amberg, 
1962 ;  Tarama, e t  a l . ,  1 9 6 3 ) .  I n  t h e  p r e s e n t  communica t ion ,  t h e  
r e s u l t s  o f  t h e  h y d r o g e n o l y s i s  o f  a low t e m p e r a t u r e  t a r  i n  a b a t c h  
a u t o c l a v e  o v e r  a molybdenum t r i o x i d e  c a t a l y s t  a r e  r e p o r t e d .  The 
i n f l u e n c e  of p r o c e s s  v a r i a b l e s  o n  p r o d u c t  d i s t r i b u t i o n  and an o v e r -  
a l l  k i n e t i c  e v a l u a t i o n  o f  t h e  d a t a  a r e  p r e s e n t e d .  

Exper iment  a 1 

Materials. 

Low t e m p e r a t u r e  t a r  (Tab le  I) o b t a i n e d  from a h i g h  v o l a t i l e  b i t u m i n o u s  
c o a l  by c a r b o n i z a t i o n  a t  6500C was used a s  t h e  f e e d  m a t e r i a l .  
g r a d e  molybdenum t r i o x i d e  w i t h  a s u r f a c e  a r e a  o f  190  s q u a r e  meters 
per gram and - 2 0 0  mesh s i z e  was used a s  t h e  c a t a l y s t .  Pu re  hydrogen 
was t a k e n  from a c y l i n d e r  w i t h  a maximum p r e s s u r e  of 2300 p s i .  

Ana la r  
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- Equipinent . 

A ] . . . l i t r e  h i g h  p r e s s u r e  a u t o c l a v e  (F iguve  I . ) ,  prov.itled w i t h  a mag- 
n e t i c  d r i v e  s t i r r e r  o f  1800 r . p . m . ,  p r e s s u r e  and t e m p e r a t u r e  con-  
t r o l  d e v i c e s ,  l i q u i d  and g a s  s a m p l i n g  l i n e s ,  and w a t e r  quench ing  
sys t em was used f o r  t h e  e x p e r i m e n t a l  work. 

Experimeni;ai  p r o c e d u r e .  

I n  e a c h  e x p e r i m e n t ,  100  grams o f  t a r  and 5 grams o f  t h e  c a t a l y s t  
were u s e d .  The equ ipmen t  was e v a c u a t e d  t o  remove most of t h e  a i r ,  
f i l l e d  w i t h  h y d r o g e n ,  and h e a t e d  t o  t h e  cfesire? t e m p e r a t u r e .  ' The 
t e m p e r a t u r e  r o s e  t o  300°C i n  21 mi.nutes and 500°C i n  28 m i n u t e s .  
The r e a c t i o n  t i m e  w a s  t a k e n  from t h e  s t a r t  of h e a t i n g  t h e  e q u i p -  
ment .  When t h e  r e a c t i o n  t e m p e r a t u r e  was r e a c h e d ,  t h e  h o t  p r e s s u r e  
w a s  a d j u s t e d  t o  t h e  e x p e r i m e n t a l  v a l u e .  P r e s s u r e  was ma in ta ined  
c o n s t a n t  e x c e p t  i n  e x p e r i m e n t s  conducted  a t  p r e s s u r e s  h i g h e r  t h a n  
2000 p s i  where t h e r e  was a r e d u c t i o n  o f  a b o u t  1 0 0  p s i  d u r i n g  t h e  
course o f  t h e  e x p e r i m e n t .  E x p e r i m e n t s  were conducted  a t  d i f f e r e n t  
r e a c t i o n  t i m e s  d e p e n d i n g  upon t h e  r e a c t i o n  t e m p e r a t u r e  ( T a b l e  11). 
A t  t h e  end o f  t h e  r e a c t i o n  t i m e ,  . h e a t i n g  was s topped  and t h e  prod-  
u c t  was quenched r a p i d l y  b y  c i r c u l a t i n g  w a t e r  .in t h e  c o o l . i n g  c o i l  
immersed i n  i t .  It t o o k  1 t o  2 m i n u t e s  t o . c o o . 1  t h e  p r o d u c t  down ' 

t o  25OoC and 15  m i n u t e s  t o  a tmospher . ic  t e m p e r a t u r e .  The p r e s s u r e  
w a s  t h e n  r e l e a s e d  and  Lhe a u t o c l . a v e  opened .  The p r o d u c t  was t r a n s -  
f e r r e d  t o  a b e a k e r ,  f i l t e r e d  t o  remove t h e  c a t a l . y s t ,  and t h e  w a t e r  
w a s  s e p a r a t e d  t o  .get  t h e  t o t a l ,  o i l  p r o d u c t .  The mechan ica l  l o s s e s  
w e r e  found t o  b e  less t h a n  1%. The y i e l d  o f  t h e  p r o d u c t  was t a k e n  
a s  100% and 1 0 0  m i n u s  t h e  volume of t h e  t o t a l  o . i l  p r o d u c t  was t a k e n  
a s  p e r c e n t  c o n v e r s i o n  t o  gas .  The t o t a l  o i l  p r o d u c t  was washed 
w i t h  10% sodium h y d r o x i d e  and 2 0 %  s u - l f u r i c  a c i d  t o  remove t a r  
a c i d s  and bases ,  r e s p e c t i v e l y .  The n e u t r a l  o i l  was t h e n  d i s t i l l e d  
t o  g e t  a g a s o l i n e  f r a c t i o n  b o i l i n g  up t o  2 3 0 n C ,  a midd le  o i l  f r a c -  
t i o n  from 230° t o  3 6 0 O C  and r e s i d u e .  

P r o d u c t  a n a l y s i s .  

T a r  a c i d s  and b a s e s  w e r e  e s t i m a t e d  by e x t r a c t i o n  w i t h  10% sodium 
h y d r o x i d e  and 20% s u l f u r i c  a c i d ,  r e s p e c t i v e 1 . y .  Hydrocarbon t y p e  
a n a l y s i s  w a s  done  by t h e  F l u o r e s c e n t - I n d  i .cator . . .Adsorpt ion method 
( A S T M ,  D-.1319--65T). The hydroca rbon  t y p e s  i n  t h e  n e u t r a l  o i l  
f r a c t i o n  from t h e  f e e d  were de te rmined  by w a s l u n g  w i t h  20% s u l -  
f u r i c  . a c i d  f o r  o l e f i n s  and a m i x t u r e  o f  70$ c o n c e n t r a t e d  s u l f u r i c  
a c i d  and 30% phosphorus  p e n t o x i d e  (ASTM, D..101()-.62) f o r  a r o m a t i c s  
The g a s  a n a l y s i s  was d o n e  b y  g a s  ch romatography  i n  t h e .  F.M. Model  
720 d u a l  column programmed t e m p e r a t u r e  g a s  ch romatograph .  

R e s u l t s  and D i s c u s s i o n  

The l i q u i d  p r o d u c t  from hyt l rogonol .ys i s  corita.inetl 3 t o  3 c . c  o f  
..-uL. ....LLh I X L ~ S ~ L .  have Leer1  F o r m e d  by thc:  iiytlrogc:n;it.ion o f  t a r  
a c i d s .  The g a s e o u s  p r o d u c t  c o n t a  inetl hydrngei,i SUI f icle and ammonia 
w 3 c o m  ... I.;.. ...;-LA 
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which c o u l d  n o t  be q u a n t i t a t i v e l y  e s t i m a t e d .  They migh t  have peen  
formed by t h e  h y d r o g e n a t i o n '  o f  he t r rocompounds  c o n t a i n i n g  s u l f u r  
and n i t r o g e n .  

Product -g is  t r i b u t i o n ,  

The y i e l d  of  g a s o l i n e  and g a s  i n c r e a s e d  ] . i n e a r l y  w i t h  tc:rr~per-at.ure 
w h i l e  t h e  mi- 'd le  o i l  and r e s i d u e  d e c r e a s e d .  Gaso:line and g a s  w e r e  
formed b y  t h e  h y d r o g e n o l y s i s  of midd le  oi:l- and r e s i d u e  ( F i g u r e  2 ) .  
The c o m p o s i t i o n  o f  g a s o l i n e  ( F i g u r e  3 )  i n d i c a t e d  t h a t  h y d r o g e n a t i o n  
r e a c t i o n s  t o o k  p l a c e  u n d e r  a l l  t e m p e r a t u r e  c o r r d i t i o r i s  a t  3000 p s i .  
The g a s o l i n e  y i e l d  i n c r e a s e d  a t  d i f f e r e n t  r-ate,s w i t h  p r e s s u r e  wit.h 
a c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  y i e l d s  of midd le  o i l  and r-esidun 
( F i g u r e  4 ) .  
r a n g e  500 to 1500 p s i ,  s l o w i n g  down i n  t h e  r a n g e  ,1500 t o  2 5 0 0  p s i  
and i n c r e a s i n g  a g a i n  a t  h i g h e r  p r e s s u r e s .  The r e s i d u e  d e c r e a s e d  
r a p i d l y  b u t  t h e  gas y i e l d  remained  a l m o s t  c o n s t a n t '  i n  the range. 
500 t o  1500 p s i  ( T a b l e  111). P r e s s u r e  d o e s  n o t  s e e m  t o  have  a 
marked i n f l u e n c e  o n  c r a c k i n g  r e a c t i o n s  i n  t h e  r a n g e  500  t o  1500  
p s i  b u t  t h e  i n c r e a s e  i n  g a s o l i n e  y i e l d  may b e  d u e  t o  t h e  s u p p r e s -  
s i o n  of coke- forming  r e a c t i o n s .  I n  t h e  r a n g e  2000 t o  2500 p s i !  
p a r t i a l  h y d r o g e n a t i o n  of a r o m a t i c s  t o  h y d r o a r o m a t i c s  t a k e s  p1.ace 9 

fo l lowed  by t h e  c r a c k i n g  o f  t he  l a t t e r  which  i n c r e a s e s  t h e  y i e l d  of 
g a s o l i n e  and i ts  aromatic c o n t e n t  A t  h i g h e r   pressure:^, complete,  
h y d r o g e n a t i o n  of aromatics t o  t h e  c o r r e s p o n d i n g  naph, thenes  t a k e s  
place,  t h u s  i n c r e a s i n g  t h e  g a s o l i n e  y i e l d  and i'ts s a t u r a t e d  hydro -  . 
c a r b o n  c o n t e n t  ( F i g u r e  5 ) .  High a r o m a t i c  g a s o l i n e s  w e r e  formed i n  
t h e  p r e s s u r e  r a n g e  2000 t o  2 5 0 0  p s i .  A maximum y i e l d  of 77% o f  
g a s o l i n e  was o b t a i n e d  a t  4 7 5 O C  and 3000 p s i  p r e s s u r e  b u t  t h e  h i g h e s t  
q u a l i t y  p r o d u c t  c o n t a i n i n g  60% a romat i c s  w a s  formed a t  45OoC and 
2 5 0 0  p s i  p r e s s u r e  i n  a y i e l d  of 47%. 

- K i n e t i c s .  

E q u i l i b r i u m  w a s  r e a c h e d  a t  d i f f e r e n t  t i m e  p e r i o d s  a t  d i f f e r e n t  t e m -  
p e r a t u r e s  w i t h  r e s p e c t  t o  g a s o l i n e  f o r m a t i o n  ( F i g u r e  6 ) .  P l o t  of 
log $& v e r s u s  t i m e  ( F i g u r e  7 ) ,  where  ltatt is  t h e  e q u i l i b r i u m  con-  
v e r s i o n  t o  g a s o l i n e ,  i s  l i n e a r  and t h e  h y d r o g e n o l y s i s  r e a c t i o n s  w i t h  
r e s p e c t  t o  g a s o l i n e  f o r m a t i o n  f r o m  t a r  a r e  f i r s t - o r d e r .  The' f i r s t -  
o r d e r  r a t e  c o n s t a n t  c a n  t h u s  be r e p r e s e n t e d  b y  e q u a t i o n  1.. 

The r a t e  of g a s o l i n e  format . ion was h.igh i n  t h e  p r e s s u r e  

d ( G a s o l i n e )  = kg (Tar-) 
d t  

Where kg is t h e  r a t e  c o n s t a n t  for g a s o l i n e  f o r m a t i o n  
f o r m a t i o n  r e a c t i o n s  f o l l o w  t r u e  A r r h e n i u s  t e m p e r a t u r e  dependence  
( F i g u r e  8) and t h e  r a t e  c o n s t a n t  c a n  b e  r e p r e s e n t e d  by e q u a t i o n  2 .  

The g a s o l i n e  

The e n t h a l p y  and e n t r o p y  o f  a c t i v a t i o n  c a l c u l a t e d  from E y r i n g * s  p l o t  
( F i g u r e  9 )  are 10 ,500  c a l . / m o l e  and - 5 7 . 8  e . t i . ,  r e s p e c t i v e l y .  
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The p r o d u c t  d i s t r i b u t i o n  d a t a  i n d i c a t e d  t h a t  t h e  h y d r o g e n o l y s i s  o f  
l ow- tempera tu re  t a r  p roduces  midd le  o i l ,  g a s o l i n e ,  and g a s  by a 
mechanism i n v o l v i n g  a combina t ion  of s i m u l t a n e o u s  and c o n s e c u t i v e  
c r a c k i n g  and h y d r o g e n a t i o n  r e a c t i o n s  a s  can b e  r e p r e s e n t e d  by 
s t e p s  ( i )  to ( x i i i ) .  

H 2  e H I +  H* (1) 

R 1  - R 2  -+ R i  + R)2 ( l i )  

( i i i )  R 3 H 2 C  - SR4 --i, R3H2C0+ RqS' 

R g H 2 C  - NR6 + R s H 2 C o +  R6$ ( i v )  

( V I  R7H2C - O R 8  --j R7H2C0+ R g 0 *  

g1 + )r+ R1H ( v i )  

Rr2 + $+ R2H 

R3H2C' + H'-+ R3CH3 ( v i i i )  

( v i i  ) 

RsHzC'+ Ha+ R s C H 3  ( i x )  

R7H2Ce+ H ' j  R7CH3 \ ( X I  

R 4 9 +  H ' j  R4H + H 2 S  ( x i )  

%Ne+ He+ %H + NH3 

RgO'+ Ha+ RgH + H 2 0  

( x i i  ) 

( x i i i )  

Where "R" r e p r e s e n t s  a hydroca rbon  r a d i c a l  or hydrogen  atom. S t e p  
(i) r e p r e s e n t s  d i s s o c i a t i o n  o f  hydrogen  m o l e c u l e s  and t h e  concen-  
t r a t i o n  of hydrogen  a t o m s  depends  upon t h e  d i s s o c i a t i o n  e q u i l i b r i u m .  4 

S t e p s  ( i i )  t o  ( v )  r e p r e s e n t  b r e a k a g e  of C-C, C - S ,  C-N, and C - 0  bonds 
p r e s e n t  i n  t h e  h y d r o c a r b o n  and h e t e r o m o l e c u l e s  of t a r  and s t e p s  
( v i )  t o  ( x i i i )  i n d i c a t e  h y d r o g e n a t i o n  r e a c t i o n s .  The s t e p s  l i s t e d  
above  a r e  t h e  p r i n c i p a l  r e a c t i o n s  t h a t  a r e  l i k e l y  t o  o c c u r  d u r i n g  
t h e  h y d r o g e n o l y s i s  of t a r  and i n d i c a t e  t h a t  t h e  o v e r a l l  k i n e t i c s  
o b s e r v e d  r e s u l t e d  f r o m  a s e q u e n c e  of t h i s  t y p e .  I n  t h e  p r e s e n c e  
of a n  i n i t i a l  excess of hydrogen , .  t h e r e  w i l l  b e  a p reponderance  of 

a toms  o c c u r  f r e e l y  and  r a p i d l y .  S t e p s  ( v i )  t o  ( x i i i )  a r e  t h u s  
e x p e c t e d  t o  be f a s t  and  c a n n o t  b e  r a t e - c o n t r o l l i n g .  Any s t e p  
i n v o l v i n g  hydrogen  may l i m i t  t h e  r a t e  o n l y  when hydrogen  concen-  
t r a t i o n  is v e r y  low.  The c r a c k i n g  r e a c t i o n s  t a k i n g  p l a c e  must be 
p u r e l y  of a t h e r m a l  n a t u r e  and need h i g h e r  a c t i v a t i o n  e n e r g i e s  t h a n  
t h o s e  o b t a i n e d  i n  t h e  p r e s e n t  work. Hence, s t e p s  ( i i )  t o  ( v )  canno t  
be r a t e - d e t e r m i n i n g .  It is w e l l  e s t a b l i s h e d  t h a t  a l l  t h e  h e t e r o -  

f r o m  t h e  bu lk  p h a s e  to t h e  c a t a l y s t  s u r f a c e ,  ( 2 )  a d s o r p t i o n  of t h e  

hydrogen  a toms and t h e  r e a c t i o n s  between r a d i c a l s  and hydrogen  I :  

-...,alj;tic ^..C p r o c e s s e s  i n v o l v e  ( 1 )  d i f f u s i o n  of t h e  r e a c t a n t s  
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r e a c t a n t s  on t h e  c a t a l y s t  s u r f a c e ,  ( 3 )  r e a c t i o n  o f  t h e  adsorbed  
m o l e c u l e s  t o  form p r o d u c t s ,  ( 4 )  d e s o r p t i o n  o f  t h e  p r o d u c t s ,  and 
( 5 )  d i f f u s i o n  of t h e  d e s o r b e d  p r o d u c t s  f rom t h e  c a t a l y s t  s u r f a c e  
t o  t h e  b u l k  p h a s e .  The magni tude  of t h e  a c t i v a t i o n  e n e r g y  o b t a i n e d  
w i l l  e x c l u d e  s t e p s  1, 4 ,  and 5 f r o m  b e i n g  r a t e - l i m i t i n g ,  It was 
shown by t h e  f o r e g o i n g  d i s c u s s i o n  t h a t  s t e p  3 d i d  n o t  c o n t r o l  t h e  
r a t e .  T h e r e f o r e ,  s t e p  2 ,  i n v o l v i n g  t h e  a d s o r p t i o n  o f  t h e  r e a c t a n t s  
on  t h e  c a t a l y s t  s u r f a c e ,  must  be  r a t e - d e t e r m i n i n g .  P h y s i c a l  adso rp -  
t i o n  c a n n o t  o c c u r  a t  h i g h  t e m p e r a t u r e s  used i n  t h i s  i n v e s t i g a t i o n .  
Hence, c h e m i s o r p t i o n  of t h e  t a r  m o l e c u l e s  on t h e  s u r f a c e  of  t h e  
c a t a l y s t  must be t h e  r a t e - c o n t r o l l i n g  s t e p  i n  t h e  h y d r o g e n o l y s i s  
of t a r .  

Adknowledpement 

The r e s e a r c h  work r e p o r t e d  i n  t h i s  p a p e r  is sponsored  by t h e  U .  S. 
Office of Coal  Resea rch  and t h e  U n i v e r s i t y  o f  U tah .  
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Table  1 .  P r o p e r t i e s  of low temperature  t a r  

S u l f u r ,  w t .  % 

Nitrogen ,  w t .  % B ' Oxygen, w t .  % i 
Carbon, w t .  % 

Hydrogen, w t  . % 

i D i s t i l l a t i o n  d a t a  

I I.B.P., OC 

14 w t .  % 
I 

h\ 50 w t .  % 

5 5  u t .  % 
I 

Res idue ,  w t .  % 

Hydrocarbon t y p e s  i n  n e u t r a l  f r a c t i o n  up 
' t o  345oc, vol. % 

i \  S a t u r a t e s  

1 . 0 4 2 6  

0 . 9 4 2 4  

0 . 8 2 1 3  

4 . 1  

8 4 . 9  

9 . 3  

1 8 0  

230 

3 2 5  

345  

4 5 - 0  

2 0 . 0  

O l e f i n s  1 5 . 0  

Aromatics 6 5 . 0  
I 
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Table 11. E f f e c t  of temperature on product  d i s t r i b u t i o n .  
Pressurei 3 O O o  p s i  

Temperature , OC 

React ion  t i m e ,  h r s .  

Product  d i s t r i b u t i o n ,  w t .  % 

Gas0 1 i n e  

Middle o i l  

Gas 

Residue 

Tar acids, vol. % 

Tar b a s e s ,  v o l .  % 

Composit ion of g a s o l i n e  , 
v o l .  % 

S a t  u r a t e s  

O l e f i n s  

A m m a  t ics 

3 50 

26 

23 

50 

n i l  

27  

1 5  

2 

71  

2 

27  

375 

20  

33  

4 6  

1 

2 0  

2 

1 

7 3  

2 

25  

4 0 0  

1 8  

4 6  

34 .5  

2 - 5  

1 7  

n i l  

n i l  

74  

2 

24 

425 

14 

56  

26 

3 

15 
4 

- 

79 

1 

2 0  

4 5 0  . 

1 2  

65 

1 7 . 5  

4 . 5  

1 3  

- 
- 

80 

1 

19 
'1 
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KIEZTICS OF HYDROCRACKING OF COAL EXTRACT WITH MOLTEN 

Z I N C  CHLORIDE CATALYSTS 1s BATCH AhD COhTIWOUS SYSTEMS 

R. T .  Struck, W. E .  Clark,  P .  J .  Dudt, B. A .  Rosenhoover, 
C .  K .  Z i e l k e ,  and E .  Gorin 

Research Division 
Consol ida  t ion  Coal Company 

Library,  Pennsylvania 15129 

INTRODUCTION 

The u s e  of molten z inc  ch lor ide  a s  a c a t a l  st for hydrocracking of polynuclear 
hydrocarbons has been previously described.('t 'f The s u p e r i o r i t y  of z i n c  chlor ide over 
conventional hydrocracking c a t a l y s t s  was shown f o r  pyrene, coal ,  and c o a l  e x t r a c t .  
' R e s u l t s  i n  batch autoclaves showed t h a t  z inc  ch lor ide  gave more rap id  reac t ion ,  more 
complete conversion t o  gasoline-range naphtha, and a very high octane number without 
reforming. The high octane number i s  due pr imari ly  t o  t h e  a b i l i t y  of t h e  L e w i s  acid,  
z i n c  chlor ide,  t o  maintain a c i d  c a t a l y s i s  i n  t h e  presence of considerable  amounts of 
n i t rogen  i n  the feed, -- thus  giving a high percentage of branched-chain hydrocarbons 
with high Octane numbers. 

Since t h e  previous r e p o r t s ,  a continuous z i n c  ch lor ide  hydrocracker has been b u i l t  I: 
and operated, confirming the  batch work, and a l s o  providing e f f l u e n t  c a t a l y s t  f o r  re- 
generat ion s tudies ,  as w e l l  a s  information on cor ros ion .  A continuous c a t a l y s t  regener- 
p t i o n  u n i t  w a s  a l s o  operated, and w i l l  be described i n  t h e  fol lowing 'paper .  A complete 
r e p o r t  on a l l  of the  work  is a v a i l a b l e  from t h e  U .  S. Off ice  of Coal Research.( 3, 

The purpose of t h i s  paper i s  to repor t  r a t e  da ta  on t h e  hydrocracking of e x t r a c t  
,with z inc  ch lor ide  v i a  a c o r r e l a t i o n  which p r e d i c t s  conversion of e x t r a c t  i n  both batch 
and continuous u n i t s .  

I 
EXPERIMENTAL 

'Feedstock 

The feedstock used f o r  a l l  of t h e  work described here  w a s  a coa l  e x t r a c t  prepared 
by continuous e x t r a c t i o n  of P i t t sburgh  Seam coal ,  I re land  Mine,using t e t r a l i n  solvent  
a t  750°F with a res idence t i m e  of 40 minutes. Unextracted coa l  and mineral mat ter  
'were removed by f i l t r a t i o n  a t  646°F. 
and ash-free coal  (MAF c o a l ) .  

The f i n a l  e x t r a c t  represents  81% of t h e  moisture- 
P r o p e r t i e s  are given i n  Table  I .  

A measure of t h e  a s p h a l t i c  na ture  of e x t r a c t  is given by solvent  f rac t iona t ion . .  
:'Benzene-insolubles" is t h e  f r a c t i o n  of e x t r a c t  inso luble  i n  benzene a t  i t s  atmos- 
,pheric  bo i l ing  p o i n t .  
i n  cyclohexane, determined by mixing one p a r t  of benzene-soluble e x t r a c t  with nine 
' p a r t s  of benzene and 100 p a r t s  of cyclohexane, by weight, and f i l t e r i n g  a t  room 
:temperature.  

"Asphaltenes" is t h e  f r a c t i o n  soluble  i n  benzene, but inso luble  

The f r a c t i o n  s o l u b l e  i n  t h i s  mixture is termed "oi l ."  

The z i n c  ch lor ide  used was F isher  S c i e n t i f i c  Co. c e r t i f i e d  reagent ,  96 t o  98% pure, 
d r i e d  before  used i n  a vacuum a t  110°C. 
w t  5 water and 1 t o  1.8 w t  $ z i n c  oxide.  
t h e  remaining water w a s  removed by melt ing the s a l t  under f u l l  pump vacuum. 

After  t h i s  t reatment ,  it contained 1 t o  1 .5  
Before feeding t h i s  t o  t h e  continuous u n i t .  

For a number of tests, z inc  oxide w a s  added t o  t h e  z inc  ch lor ide  t o  br ing t h e  
to ta l  z i n c  oxide up t o  t h a t  requi red  f o r  s to ich iometr ic  r e a c t i o n  with HC1 l i b e r a t e d  by 
s u l f u r  i n  t h e  e x t r a c t  r e a c t i n g  with z i n c  ch lor ide  (4.65 wt' % of the  c a t a l y s t ) .  
oxide used was Baker and Adamson c e r t i f i e d  reagent; the l o t s  used were 99.0 t o  99.5% pure. 

The z inc  
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Equipment 

The basic  u n i t  f o r  t h e  batch hydrocracking tests was a 3 0 0 - m l  rocking autoclave 
(American Instrument Company, Catalog NO. 40-2150). 
36 cyclesfrnin about t h e  a x i s  was rev ised  t o  give 86 cycles/min through an angle of 30° 
on t h e  end of a 12-inch l e v e r  ann. The equipment and procedures have been described 

The normal rdcking motion of 

' previously.  1) 

The continuous hydrocracking u n i t  flow sheet  is given i n  Figure 1. The reactor  
i s  a "s t i r red- tank" r e a c t o r ,  to  which e x t r a c t ,  c a t a l y s t ,  and hydrogen are f e d  separately 
Constant inventory i n  t h e  r e a c t o r  i s  maintained by a pressure-drop c o n t r o l l e r  operating 
on a valve i n  t h e  "spent" c a t a l y s t  withdrawal l i n e .  The reactor i s  3 inches i n  diameter 
and conta ins  a l i q u i d  inventory of 400 t o  600 grams. 
analyzed, and t h e  r e s u l t s  consol idated.  Elemental balances w e r e  then made and the z i x  
balance forced by a d j u s t i n g  t h e  res idue  c o l l e c t e d .  This  .avoided e r r o r s  due t o  d i f f e r  
ing bed l e v e l s  a t  beginning and end of t h e  balance per iod.  The carbon balance w a s  then  
forced  by ad jus t ing  t h e  amount of e x t r a c t  f e d  (uncer ta in ty  e x i s t e d  as t o  t h e  density i n  
t h e  feed  pump). 
unaccounted-for products t o  be NH3, H 2 0 ,  and H,S, respec t ive ly ,  which have reacted with 
t h e  c a t a l y s t .  Chlor ine w a s  forced by assuming t h e  unaccounted-for ch lor ine  was present  
i n  the catalyst  .as t h e  double Sal t  ZnCl2.NH4C1. The hydrogen consumption was then 
obtained by d i f fe rence  between t h e  hydrogen i n  t h e  products  and t h a t  i n  t h e  feedstock /I 
(exclusive of H, g a s ) .  A f t e r  f o r c i n g  a l l  elemental balances, t h e  o v e r a l l  material 
balance a lso closes ,  and t h e  conversions reported i n  Table I V  are reported on t h i s  
b a s i s .  

A l l  products w e r e  co l lec ted ,  

The ni t rogen,  oxygen, and s u l f u r  balances w e r e  forced by assuming t h e  1 

I 
Conversion, as used here ,  is t h e  conversion of e x t r a c t  t o  products bo i l ing  below 

40O0C (752OF) a t  normal atmospheric pressure .  
centage of +40O0C res idue  from lm. 
involved, t h e  4Oo-C c u t  p o i n t  i n  a d i s t i l l a t i o n  is defined as 240°C i n  t h e  pot  of a 
s imple f l a s k  when t h e  pressure  i s  1 torr. 

It  is c a l c u l a t e d  by subt rac t ing  t h e  p e r .  
Because of t h e  h e a t - s e n s i t i v i t y  of t h e  mater ia ls  

DISCUSSION OF RESULTS 

Resul ts  i n  t h e  cont inuous u n i t  genera l ly  confirmed previous batch r e s u l t s ,  show- 
ing higher  conversion a t  lower l e v e l s  of s i n c  oxide. 
r e s u l t  - more rap id  r e a c t i o n  a t  higher  temperatures, but  a t  temperatures above 750"F, 
t h e  maximum l i q u i d  y i e l d  decreases .  S t r a i g h t  run  gasol ines  from zinc ch lor ide  hydro- 
cracking show Research Octane Numbers (clear) of 87 t o  91  and a h igh  s e n s i t i v i t y  t o  
lead .  
reformed, t h e  product would be 85 t o  !30$ aromatics, s u i t a b l e  f o r  a high-octane blending 
s tock  f o r  gaso l ines  or as a source of benzene v i a  hydrodealkylation. 

Kinet ic  Model 

Temperature has  t h e  expected 

With 3 m l  of t e t r a e t h y l l e a d  p e r  gal lon,  t h e  RON values  rise t o  99 t o  101. I f  

The basic  model used t o  c o r r e l a t e  hydrocracking r e s u l t s  assumes t h a t  e x t r a c t  is  
composed of many d i f f e r e n t  compounds, each hydrocracking independently a t  a d i f f e r e n t  
rate t h a t  can be expressed as a f i r s t - o r d e r  reac t ion .  The s i t u a t i o n  has been grea t ly  
si=p?=lif i e d  by ossuniq oolg t h r c e  spec ies  present :  an  unconvert ible  f r a c t i o n ,  a t 

I f r a c t i o n  which conver t s  rap id ly ,  and a f r a c t i o n  which converts  r e l a t i v e l y  s l o w l y .  
For  simultaneous independent reac t ions  i n  a batch u n i t ,  

(1) 
-k,t -k2t 

Ce-C = N,Ce e + (1-N,)Ce e 

where "Ce-C" is the c o n v e r t i b l e  mater ia l  remaining a t  t i m e  "t", and " N i t  is the f r a c t i o )  
of t h e  conver t ib le  material which r e a c t s  v i a  t h e  f a s t  reac t ion .  A t a b l e  of nomenclaturl 
is given a t  t h e  end of t h e  t e x t .  
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For a single perfectly-mixed, continuous r e a c t o r ,  t h e  p r o b a b i l i t y  t h a t  a micro- 
scopic  drop of l i q u i d  w i l l  have a . res idence t i m e  i n  t h e  reac tor  between t and t 

i s  - e  d t  . 1 -t /7  
r 
where 7 = res idence  t i m e  i n  t h e  continuous u n i t .  

The average f r a c t i o n  of e x t r a c t  unconverted then would be 

ce-c 1 

C e  T 
- -  

where (y) i s  t h e  f r a c t i o n  unconverted a t  t h e  t i m e  "t" as determined 

batch d a t a .  S u b s t i t u t i n g  from Equation 1 f o r  (F) , g i v e s  t h e  following: 
B 

B 

t d t  

from 

Evaluation of Constants 

The data  a v a i l a b l e  c o n s i s t  of 38 runs i n  t h e  batch autoclave and 14 runs i n  t h e  
continuous u n i t ,  covering t h e  following ranges: 

, Continuous 
Batch U n i t  U n i t  

Temperature, "F 
P a r t i a l  Pressure of H a ,  p s i g  
Residence Time, minutes  
Cata lys t /Ext rac t  Weight Rat io  
ZnO/ZnCl, Mole Ratio 
Conversion, W t  % of Extract  

700-775 700-800 
1500-3500 2730-3300 

15-360 22.8-192.6 
1 .o 0.9-1.3 

0 -013-0 -0765 0.01-0.08 
41-92 62-89 

The more ex tens ive  batch d a t a  have been used t o  determine cons tan ts  i n  t h e  k i n e t i c  
equat ions wherever appl icable .  However, because of the uncer ta in ty  i n  l o w  residence 
t i m e s  inherent  i n  batch runs (i.e.,  some conversion t a k e s  p lace  as t h e  r e a c t i o n  tempera- 
t u r e  is approached), t h e  continuous u n i t  da ta  have been used to  determine t h e  r a t e  
constant  f o r  t h e  f a s t  r e a c t i o n .  

I t  is assumed t h a t  a c e r t a i n  f r a c t i o n  of t h e  e x t r a c t  f e d  i s  not  conver t ib le  under 
t h e  condi t ions of temperature, pressure,  and c a t a l y s t  composition used, even a t  in- 
f i n i t e  res idence t i m e ,  a l though t h e  amount may vary with opera t ing  condi t ions .  The 
e x t e n t  of poss ib le  conversion, Ce, has been determined by p l o t t i n g  conversion versus 
residence t i m e  f o r  each set of condi t ions (ba tch  d a t a ) .  Tangents drawn to  each curve 
y i e l d  t h e  slope,  or r a t e  of reac t ion ,  dC/dt. These instantaneous rates were then plot-  
t e d  versus conversion y ie ld ing  r e s u l t s  such as  shown i n  Figure 2.  The s t r a i g h t  l i nes  
obtained confirm t h e  f a c t  t h a t  t h e  data  can be represented as  f i r s t  order  reac t ions  and 
when ex t rapola ted  t o  z e r o  rate of conversion y i e l d  Ce. 
are l i s t e d  i n  Table I1 as "Observed C i '  . I t  can be seen t h a t  v a r i a b l e s  of temperature, 
hydrogen pressure  and ZnO/ZnCl, ra t io  a l l  a f f e c t  t h e  value of C e  obtained.  The value 
of C, is independent of whether batch or continuous da ta  are involved, s ince  they are 
equal  a t  i n f i n i t e  res idence t i m e .  

The values  of Ce so obtained 
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In order t o  estimate Ce for conditions o the r  than those a t  which rims were made, 

empir ica l  equations have been developed. 
p a r t i a l  p ressure  range of 2500 t o  3500 psig: 

The f i r s t  equation appl ies  over t h e  hydrogen 

10 (0.08 - x) (JI - 2500) + 

(750 - T) + 

600 25 c e = 9 0 +  

where p = '  p a r t i a l  p ressure  of hydrogen, ps ig .  
T '  = temperature,  OF. 

' x  = mole ratio of ZnO/ZnC1,. 

For t he  pressure  range, p = 1500 t o  2500: 

(25oO-p) ce = 90 - + 10 (0.08 - x)  200 .+ 

(3) 

(4 )  

I 

The ca lcu la t ed  values of Ce f o r  t h e  batch runs are a l s o  l i s t e d  i n  Table 11, and 
compare w e l l  with the  observed va lues .  
conversions f o r  both ba tch  and continuous runs. The equations i l l u s t r a t e  t h e  f ac t s  
t h a t  Ce increases  a t  low l e v e l s  of ZnO, a t  higher pressures ,  and a t  lower temperatures 
(wi th in  the  7 0 0  to 800'F range) .  

Equations 3 and 4 w e r e  used i n  ca lcu la t ing  

A t  long res idence  t i m e s  where the  f a s t  r e a c t i o n  is s u b s t a n t i a l l y  complete, and wha 
N, is constant,  Equation 1 shows t h a t  a p l o t  of log (Ce-C) versus residence time should 
be a s t r a i g h t  l i n e :  

log (Ce-C) = l og  (1-N,)  Ce - k 2 t .  f 

The slope of such a l i n e  is k2 and t h e  i n t e r c e p t  on t h e  o rd ina te  is log  [(l-Nl)Ce]/ 
This provides a technique f o r  determining k, and N,. F igure  3 is a representa t ive  p l o t  
of t h i s  type. Again, w e  see t h e  confirmation of s t r a i g h t  l i n e s  i f  w e  ignore runs a t  IC 
res idence  times where tne  f a s t  r e a c t i o n  is incomplete. 

The values of k, and N, from p l o t s  l i k e  Figure 3 are l i s t e d  in Table 11. It can 
be seen  t h a t  67 to  81% of t h e  conver t ib le  e x t r a c t  r e a c t s  v i a  t he  f a s t  r eac t ion  (N,). 
s impl i fy  f u r t h e r  c a l c u l a t i o n s ,  a constant value of N, = 0.75 has been taken a s  repre- 
s e n t a t i v e  of a l l  cond i t ions .  

T 

The r eac t ion  rate cons tan t s  f o r  the slow reac t ion ,  k,, have been p l o t t e d  f o r  t h e  
hydrogen pressure  l e v e l  of 2500 p s i g  as an  Arrhenius p l o t  i n  F igure  4. 
of ZnO to ZnC1, is an important parameter, only two poin ts  are ava i l ab le  a t  a s ing le  
condi t ion .  A l i n e  w a s  drawn through these  po in t s  and l i n e s  a t  o the r  ZnO/ZnCl, r a t i o s  
drawn p a r a l l e l  t o  i t .  
continuous un i t  da t a .  Based on t h e  r e l a t i v e l y  mild e f f e c t  of pressure  on k, shown i n  
Table 11, the  values i n  F igu re  4 have been used for es t imat ing  conversions at a l l  
pressures .  

Because the rat 

A l i n e  a t  ZnO/ZnCl, = 0.02 w a s  i n t e rpo la t ed  f o r  f u t u r e  use with 

The remaining cons tan t  i n  Equations 1 and 2 is k,, t he  r eac t ion  r a t e  constant f o r  
t h e  f a s t  reac t ion .  
t h e  da t a  from one run a t  each  condi t ion  and so lv ing  f o r  k, i n  Equation 2. 
Eece ce lc s l a t ed  f r m  Zquotions 3 o r  4, those  f o r  k, w e r e  t aken  from Figure 4, and N, 
w a s  takeh a s  0.75. 
to  c a l c u l a t e  k l ,  s i n c e  it would be most r ep resen ta t ive  of t h e  f a s t  r eac t ion .  

This has been determined from t h e  continuous u n i t  da t a  b y  using 
Values of c, 

i Generally,  t h e  run with  t h e  lowest conversion i n  each set was used 

The values of k, ob ta ined  are l i s t e d  i n  Table I V  a long  with o t h e r  information On 
t he  continuous runs. 
s t r a i g h t  l i n e  and i n d i c a t i n g  an  a c t i v a t i o n  energy f o r  t h e  f a s t  r eac t ion  of 35 kcal/g 
mole. 
i n  c o n t r a s t  t o  those  f o r  k2. 
t he  continuous data, t h e  e f f e c t  of hydrogen pressure,  i f  anx, on k, could not be 
determined. 

An Arrhenius p l o t  of k, is given in Figure  5, showing the desired 
4 

Since the rewe of hydrogen p res su res  w a s  q u i t e  narrow ia 
It  W i l l  be noted t h a t  t h e  values of k, are independent of t h e  ZnO/ZnCl, r a t io ,  
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The energy of a c t i v a t i o n  of 35 kcal/g mole i n d i c a t e s  t h a t  t h e  rate-determining 
Step involves a chemical r e a c t i o n  r a t h e r  than  being l imi ted  by a c c e s s i b i l i t y  of hydrogen 
i n  t h e  bulk l i q u i d  or through a boundary f i lm .  
Weller(') f o r  hydrogenation of asphal tenes  from c o a l  with t i n  c a t a l y s t .  
a f i r s t - o r d e r  reac t ion .  

CornParison of Calcu la ted  and Observed Conversions 

I t  coincides  with t h e  value found by 
This  a l so  was 

The values of Ce, N1, k, and k, a s  determined above were used i n  Equation 1 t o  
p r e d i c t  t h e  conversion f o r  each run i n  t h e  batch u n i t .  Table I11 compares these calcu- 
l a t e d  conversions with those a c t u a l l y  observed. The " f i t "  is q u i t e  good, p a r t i c u l a r l y  
a t  high conversion l eve l s .  The poorest  fit  occurs a t  l o w  conversions and low hydrogen 
Pressures .  This suggests  t h a t  t h e  r e a c t i o n  r a t e  constant  f o r  t h e  f a s t  reac t ion ,  k l ,  
a c t u a l l y  i s  a func t ion  of pressure,  although t h e  d a t a  do not permit t h i s  r e l a t i o n s h i p  
t o  be properly defined. 

S imi la r  c a l c u l a t i o n s  for d a t a  from t h e  continuous u n i t  v*a Equation 2 are shown i n  
Table IV. 
experimental  da ta  and c a l c u l a t e d  curves for 3OOO psia of hydrogen a r e  shown i n  Figure 6.  
The " f i t "  is q u i t e  good except for a f e w  of t h e  775OF p o i n t s  a t  0.07 t o  0.08 mole r a t i o  
zno/znC12, which show 2 t o  6s higher  conversions than  predic ted  

Again, t h e  observed and predic ted  conversions show good agreement. The 

CONCLUSIONS 
r 

The k i n e t i c  model which assumes t h a t  t h e  hydrocracking of Coal e x t r a c t  with z i n c  
ch lor ide  c a t a l y s t  can be represented by two or more simultaneous f i r s t - o r d e r  reac t ions  
has been shown t o  represent  both batch and continuous unit da t a .  An average of 75% of 
the  e x t r a c t  converts  v i a  a f a s t  r e a c t i o n  with an a c t i v a t i o n  energy of 35 kcal/g mole. 
The r e a c t i o n  rate cons tan t  f o r  t h i s  r e a c t i o n  is a f f e c t e d  somewhat by hydrogen pressure,  
but is independent of t h e  r a t i o  of ZnO t o  ZnC1,. 
react ion,  which may be lower by a factor up t o  40 t i m e s ,  is independent of hydrogen 
pressure (1500-3500 p s i g ) ,  but a s t rong  func t ion  of how much %no is present .  

The rate constant  f o r  t h e  slow 

The a s s i s t a n c e  of t he  U. S .  Off ice  of C o a l  Research i n  sponsoring t h i s  work is 
g r a t e f u l l y  acknowledged. 
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addi t ion  t o  the  authors  were involved i n  the  experimental  work f o r  t h i s  paper.  
Especial ly  noteworthy w e r e  t h e  cont r ibu t ions  of C .  P. Costanza, J. 1. Evans, and 
J. M. Pazzo. 

NOMENCLATURE 

conversion of e x t r a c t  t o  -4OOOC products,  w t  $ of b¶AF e x t r a c t .  
conversion a t  which the  rate of conversion becanes zero. 
reac t ion  rate constant  f o r  e x t r a c t  conversion v i a  t h e . f a 6 t  reac t ion ,  min.-' 
reac t ion  rate cons tan t  f o r  e x t r a c t  conversion v i a  t h e  slow reac t ion ,  min.-' 
f r a c t i o n  of Ce which occurs v i a  t he  f a s t  reac t ion .  
p a r t i a l  p ressure  of hydrogen, ps ig .  
temperature. 
residence t i m e  i n  a batch or plug flow reac tor ,  min. 
z110/zd1, m o l e  r a t i o  i n  t h e  c a t a l y s t .  
Average res idence  t i m e  i n  t he  continuous reactor, = weight of l i q u i d  phase 
in t h e  reactor divided by t h e  weight rate of l i q u i d  product/min. 
is  the  "natural"  l i q u i d  e x i s t i n g  a t  r e a c t o r  condi t ions,  i.e., c a t a l y s t  p l u s  
unvaporized o i l .  

The l i q u i d  
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1 
TABLE I I 

1 Proper t ies  of Coal and Extract  Used 

Temp., 
OF 

7 0 0  
iW 
7 50 
750 
750 
750 
775 
775 

V o l a t i l e  Matter 
Fixed Carbon 
FeS 
FeS, 
Other Ash 

I re land  . Coal 
Mine Coal Ext rac t  

MF B a s i s  

40.32 
46.66 
0.08 
4.19 

10.15 

MAF Basis  

Hydrogen 5.73 6.03 
Carbon 81.90 84 -65 
Nitrogen 1.58 1.53 
Oxygen (by d i f f  .) 8.61 6.14 
S u l f u r  2.18 1.65 

Solvent F r a c t i o n s  
Benzene-insolubles 
Asphaltenes 
O i  1 

TABLE I1 

33 
47 
20 

Values  of Ce, N, and k, Determined from Batch Runs 

ZnO/ZnC1 , 
Mole Ratio 

0.013 
0.013 
0.03 
0.03 
0.0765 
0.0765 
0.0765 
0.0765 

H, P a r t i a l  
Pressure ,  

1500 
2500 
2500 
3500 
1500 
2500 
2 500 
3500 

DSiR 
Ce,  W t  4 of Extract 

Observed(') Calculated(  2 ,  

87 

9 1  
92 
85 
90 
88 

92 

(90) 

87.7 
92.7 
90.5 
92.1 
85.0 
90 .o 
89 .O 
89.6 

(1) 

( 2 )  

( 3 )  

( 4 )  

1ntercept.s on Figl-lre 2 aod similar p l o t s .  
Calculated from Equations 3 and 4 .  

Determined from i n t e r c e p t s  on Figure 3 and sirnil'ar p l o t s .  
From the s lopes  of  Figure 3 and s i m i l a r  p l o t s .  

N1(3)  

0.670 
0.712 
0.736 
0.740 

. 0.750 
0.773 
0.810 
0.788 

I; 

\ 

1 
k2 , ( 4  1 
min.-' 

0.0058 
0.0048 { 

0.030 
0.0062 . 

0.0063 
0.021 

0.020 ' 
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T&P. , ino/znci, 
OF Mole Ratio 

TABLE I11 

Calculated and Observed Conversions for Batch Runs 

Residence 
Time, ( ) 

min 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

15 
60 

120 
180 

15 
60 

120 
180 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

- -  

- -  

- -  

- -  

- -  

- -  

- -  

( 1 )  From Figure 5 .  

( a )  
(3) Calculated from Equation 1. 

Residence time at r eac t ion  temperature.  

Conversion 
W t  % of Extract  

Observed Calculated( 3, 

41.2 
61.2 
71 .O 
76.6 
82.6 

49.1 
70.6 
78.8 
83.4 
89 .O 

73.0 
82.6 
88.7 
90.3 

78.6 
87.1 
91.6 
92.1. 

52 .O 
68.8 
74.9 
80.0 
83.4 

58.1 
76.7 
80.5 
83.8 
88.3 

71.3 
81.9 
86.4 
87.6 
87.7 

71.7 
80.4 
83.5 
86.5 
89.9 

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  

46.8 
71 .O 
76.1 
79.3 
84.3 

49.5 
73.6 
80.5 
83.9 
89.2 

72.3 
84.3 
88.9 
90.4 

73.1 
85.1 
89.9 
91.4 

64 .O 
70.5 
74.9 
78.1 
82.8 

67.8 
74 -6 
79.3 
82.7 
87.7 

71.9 
80.2 
86.2 
87.5 
88 .O 

73.5 
82.6 
87.2 
89.5 
90 .o 

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  
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TABLE .IV 
Calcu la t ion  of Rate Constants and Comparison of 

Experimental and Calculated Conversions i n  Continuous Unit 

Residence 
Temp. , ZnO/ZnC12 , H2 Pressu re  Time, Ce( 

OF Mole Ra t io  DS i p  min 

0.07 
0.07 
0.09 
0.08 
0 .08 

0.08 

I 
1 

0.02 

0.08 

0.02 

0.02 

3040 
3OOo . .  
28 60 
2860 
3100 

3300 
3090 
3040 

31 90 
3150 
3040 

2815 

2730 

3210 

46.7 89.5 
95 .O 
96.8 

101 .o 
102.6 90.0 

22.8 91 .o 
51.2 

105 .O 

I 
1 

I# 
1 

24 - 3  92 .O 
26.6 

102 .o 
102 .o 88.5 

111 -7 90.0 

80.5 93.0 

Calculated v i a  Equation 3. 
From Figure 4. 
Calculated v i a  Equation 2 using N, = 0.75.  
Experimental-point used t o  c a l c u l a t e  k, . 

kz(') k,(3) 
min.-' min.-' 

0.021 0.43 

I 1 I 
0.0063 , 0.24 

5 I. 
0.070 0.72 

0.16 0.43 

0.003 0.018 

Conversion 
W t  $ of Extract 

Observed Calculated 

75.0(4) 75.0 
83.1 80.5 
82 '0 80.5 
85 .O 80.7 
87.1 81.4 

61.7 60.7 
68.8(4) 68.6 
74.1 74.6 

71.7(4) 71.7 
72.2 72 .O 
84 .O 87.9 

86.6 85 .O 

88.5 87.5 

64.3(') 64.3 
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Figure 6 

VARIATIOFL' OF CONVERSION WITH RESIDENCE - 

90 

80 

70 

60 

50 

30 

TEMP. pH2 ZnO/ZnCI; 
O F  psia MOLE RAT1 -- 

0 7 5 0  3C0-3lW 0.02 
Q 750 3cxx)-3300 0.08 
a 775 2830-3100 0.07-0.03 
A 775 2700 0.02 

- __ 

EXPERIMENTAL POINTS 

_ _  
0 30 60 90 I20 I50 

RESIDENCE TIME, MINUTES 
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FLUO-SOLIDS COhbLISTION PROC$SS FOR 

REGENERATION OF SPENT ZINC CHLORIDE CATALYSTS 

C .  W. Z i e l k e ,  R .  T .  Struck,  and Evere t t  Gorin 

Research Divis ion 
Consol idat ion Coal Company 

- 

Library,  Pennsylvania 15129 

INTRODUCTION 

The a p p l i c a t i o n  of molten z i n c  c h l o r i d e  c a t a l y s t s  t o  the  hydrocracking of poly- 
nuc lear  hydrocarbons, coa l ,  and coa l  e x t r a c t  has been discussed previously .( '1 ,) 3, 

During t h e  hydrocracking process ,  t h e  c a t a l y s t  p a r t i a l l y  r e a c t s  with n i t rogen  and s u l f u r  
i n  the  feed according t o  t h e  r e a c t i o n s ,  

L ZnC1, + H,S = ZnS + 2 HC1 (1) 

znC1, + XNH, = ZnCl, .xNH, (2)  

ZnC1,-yNH3 + yHCl = ZSl,.yNH4c1 ( 3) 
I 
qddit ion of z i n c  oxide t o  t h e  hydrocracking c a t a l y s t  e l i m i n a t e s  r e a c t i o n  (3) and i n t r o -  
duces a new r e a c t i o n  

ZnO + 2 HC1 = ZnC1, + H,O (4 )  

f h e  m e l t  leaving t h e  hydrocracker thus ,  i n  genera l ,  w i l l  conta in  i n  a d d i t i o n  t o  ZnC12, 
t h e  fol lowing compounds: ZnS, ZnClz.xNH,, ZnCl,.yNH,Cl. The r a t i o  of t h e  NH4C1 t o  NH, 
adducts is dependent on t h e  r a t i o  of n i t rogen  t o  s u l f u r  i n  t h e  feed  and t h e  amount of 
ZnO added to  t h e  feed m e l t .  
prganic res idue  t h a t  cannot be d i s t i l l e d  out  of t h e  m e l t .  
iformly d i s t r i b u t e d  i n  t h e  m e l t  and normal€y do not settle out  of t h e . b u l k  melt phase.  

I n  a d d i t i o n  t o  inorganic  impur i t ies ,  t h e  m e l t  contains  
These i m p u r i t i e s  a r e  q u i t e  un- 

A commercial process  us ing  z i n c  c h l o r i d e  must provide a v i a b l e  scheme f o r  regenera- 
1 .  tion of t h e  c a t a l y s t ,  Regeneration of t h e  m e l t  comprises removal of t h e  bulk of the  
ai t rogen,  s u l f u r  and carbon i m p u r i t i e s  and r e t u r n  of t h e  m e l t  a s  r e l a t i v e l y  pure z i n c  
Ehloride. 

I The purpose of t h i s  paper is  t o  present  data  on regenera t ion  of t h e  m e l t  using a 
f l u a s o l i d s  canbustor .  The combustion process  removes carbon, n i t r o g e n  and s u l f u r  from 
phe m e l t ,  s imultaneously vaporizing t h e  zinc ch lor ide  which i s  subsequently condensed 
downst ream from t h e  combustor. 

\ 

, 

EXPERIblENTAL 

huiDment 
i 
I 

A diagram of t h e  equipment i s  shown i n  F igure  1. The m e l t  f e e d  i s  dropped from a 

The f l u i d i z i n g  a i r  is suppl ied  v i a  a tube t h a t  enters t h e  com- 
T r i p  t i p  on t h e  top  f lange  of t h e  combustor i n t o  t h e  f l u a s o l i d s  bed contained i n  t h e  
2y l l i t e  r e a c t o r  l i n e r .  
bus tor  a t  t h e  upper f lange  and extends t o  wi th in  3/4" of t h e  t i p  of t h e  l i ne r  cone where 
it discharges i n t o  t h e  f l u a s o l i d s  bed. The vapors from t h e  combustor a r e  cooled t o  
i50-700°F i n  the condenser where t h e  z i n c  ch lor ide  condenses and HC1 and ZnO, formed by 
iydrolysis  i n  the  oxida t ion  zone, i n t e r a c t  t o  re-form ZnC1,  and H,O. Residual ZnC1, fog 
'rom t h e  condenser is removed from t h e  gas  stream by e l e c t r o s t a t i c  p r e c i p i t a t o r s  operated 
It 650°F, i.e., above t h e  melt ing p o i n t  of ZnC1,. 

1 

The e f f l u e n t  gas  from t h e  p r e c i p i t a t o r s  ( e s s e n t i a l l y  ZnC1,-free) is passed through a 
*ooler where water and some HC1 are removed. 
#assed through an Ascar i te  t r a p  t o  remove a c i d  gases  and then t o  a Beclanan Model E-2 

A small  side-stream of t h e  ' ' d r i '  gas  is 
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oxygen ana lyzer .  
ing aqueous hydrogen peroxide  which removes SO, p l u s  HC1 and aqueous sodium hydroxide 
which removes CO, from the  product g a s .  
ho lder  and t h e  remainder is metered and vented. 

The main stream of d r y  gas  is  passed through tandem scrubbers contain- I 

A f r a c t i o n  of t h e  o f fgas  is d ive r t ed  t o  a gas  

12-16 
S i l i c a  sand, ZnO s i n t e r ,  mu l l i t e  i 

Procedure and Product Workup I 

To charge t h e  f l u o - s o l i d s  bed and s t a r t  a run, t h e  thermowell of t h e  combustor i s  
rep laced  wi th  a tube  surmounted by a c losed  hopper conta in ing  f l u o s o l i d s .  The f l u i d i -  ( 

z ing  a i r  and argon purge f lows  are t h e n  e s t ab l i shed ,  and t h e  f l u o s o l i d s  a r e  charged t o  , 
t h e  r e a c t o r  held a t  1200-1400°F. 
e s t ab l i shed ,  and t h e  combustor is  heated t o  about 50°F below t h e  des i r ed  run  temperature1 
The f eed  is then s t a r t e d  wi th  t h e  vapors going t o  t h e  l ine-out  t r a i n .  When a l l  tempera- 1 
times are l i w d  mt anb the exygen content of the tffiuttnt gas  i s  cons tan t ,  the  vapors ad 
d ive r t ed  through t h e  ba lance  t r a i n  t o  s ta r t  t h e  balance pe r iod .  The weight of melt fed  \ 
dur ing  t h e  balance va r i ed  from 900 t o  6700 grams, depending on t h e  f eed  r a t e .  

Af t e r  rep lac ing  t h e  thermowell, t h e  des i red  pressure  i 

A l l  products,  i nc lud ing  t h e  f luo-so l ids ,  are c o l l e c t e d  and analyzed. 
are made of ch lo r ine  on t h e  product water, ch lo r ine  and s u l f u r  on t h e  hydrogen peroxide 
scrubber e f f l u e n t ,  and c h l o r i n e  and CO, on t h e  sodium hydroxide scrubber e f f l u e n t  to  
o b t a i n  t h e  amounts of HC1, SO, and CO, c o l l e c t e d  i n  these  materials. The scrubbed gas  
c o l l e c t e d  i n  the  gas  holder  i s  analyzed f o r  H ,  CO, COS, SO2, N 2 ,  A and O2 by two-stage 
gas   chromatograph^.(^) The r e s u l t s  from t h e  water, scrubbers,  and gas  holder  are con- 
s o l i d a t e d  t o  ob ta in  t h e  e f f l u e n t  gas composition. Material ba lances  and elemental 
ba lances  are made. The amount of ammonia decomposition is determined by t h e  d i f fe rence  
between inorganic  n i t rogens  i n  t h e  f eed  and e f f l u e n t  m e l t s .  The methods f o r  determinin 
t h e  amount of Z n S  and NH, i n  t h e  melts have been descr ibed  previously.( ' )  

Range of Var iab les  Ehlored 

Temperature, O F  
Pressure ,  p s i a  
S u p e r f i c i a l  a i r  ve loc i ty ,  f p s  
Melt feed  rate, l b / ( f t 2 - h r )  
S u p e r f i c i a l  vapor  res idence  t i m e ,  sec. 
k of S to i ch iomet r i c  a i r  
F l u c r s o l i d s  bed depth,  inches 
Types o f  f luo-so l ids  

S u p e r f i c i a l  a i r  v e l o c i t y  is def ined  a s  t h e  v e l o c i t y  of t h e  a i r  f eed  a t  process condj 
t i o n s  based o n ' t h e  empty r e a c t o r .  S u p e r f i c i a l  res idence  t i m e  is based on t h e  supe r f i c i a )  
v e l o c i t y  and the  f luo - so l id s  bed depth.  S to ich iometr ic  a i r  is  def ined  as t h e  amount t o  
completely burn t h e  NH,, Z n S  and organic  r e s idue  con ten t s  of t h e  f eed  m e l t  according to 
t he  fo l lowing  reactions, 

NH, + '3 /4  0, = 1/2 N, + 3/2 H,O 
(5) i 

Z n S  + 3/2 0, = ZnO-+ SO, I 
Z'Hx + (1 + :) 0, = CO, + f H,O 

The size c o n s i s t s  of t he  f luo - so l id s  were chosen t o  match t h e  f l u i d i z i n g  ve loc i t i e s  
used. The c r i t e r i a  are t h a t  t h e  bed be w e l l  f l u i d i z e d  (bed expansion over t h e  f ixed  bed 
i s  t y p i c a l l y  50-150$) and the te rmina l  ve loc i ty  of t h e  smallest p a r t i c l e  is  such tha t  it 
i s  not e l u t r i a t e d  out of t h e  bed. The size c o n s i s t s  used va r i ed  from 100 x 150 mesh at  
a f l u i d i z i n g  ve loc i ty  of 0.16 f p s  to  20 x 28 mesh a t  a f l u i d i z i n g  ve loc i ty  of 2.67 f P s .  

Feedstocks U s e d  

Analyses of t h e  m e l t  f eeds tocks  are given i n  Table  I .  The n a t u r a l  m e l t s  were P r o -  
duced i n  a continuous ZnC1, hydrocracker w i th  c o a l  e x t r a c t  feed  as descr ibed  previously.(  



209.  

The l o w  carbon and high carbon melts contained, respec t ive ly ,  7.2 and 11.6% of t h e  carbon 
i n  t h e  f e e d  e x t r a c t .  A s y n t h e t i c  m e l t  was'used before n a t u r a l  m e l t  became a v a i l a b l e .  
I t  Was prepared from lampblack (Columbian Eagle Brand), ZnC1, ( F i s h e r  S c i e n t i f i c  CO., 
c e r t i f i e d  reagent ,  98.3$ pure) , ZnS ( F i s h e r  S c i e n t i f i c  Co., " p u r i f i e d '  grade, 974 PU*, 
0.3 p p a r t i c l e  s i z e )  and anhydrous NH, (Matheson CO., 99.99% pure) .  

RESULTS 

Resul t s  With Low-Carbon Feedstocks and Near-Stoichiometric A i r  

Some bas ic  f e a t u r e s  of f luo-so l ids  combustion with t h e  amount of s to ich iometr ic  a i r  
varying between 77 and 116$ are i l l u s t r a t e d  i n  Runs 1 through 4 of Table  11. 
runs,  t h e  a i r  input  was maintained constant  t o  g i v e  a l i n e a r  v e l o c i t y  of 0.4 f p s  and the  
Percent  of s to ich iometr ic  a i r  was var ied  by changing t h e  m e l t  f eed  rete. 
burn-out of the organic ,  s u l f u r ,  and n i t rogen  impur i t ies  i s  obtained a t  a i r  inputs  f r o m  
115 t o  904 of s to ich iometr ic .  

With excess  air, there is a s u b s t a n t i a l  amount of oxygen i n  t h e  
off-gas s i n c e  t h e  impur i t ies  a r e  i n s u f f i c i e n t  t o  u t i l i z e  a l l . o f  the oxygen fed .  
with a s l i g h t  def ic iency of a i r  a s u b s t a n t i a l l y  oxygen-free o f f g a s  is generated which 

' c o n t a i n s  s u f f i c i e n t  CO t o  provide f o r  reduct ion  of t h e  SO, to  elementary s u l f u r  by the  

I n  these  

Nearly Complete 

Sul fur  is  burned t o  SO2, carbon t o  CO, p l u s  CO, and ammonia 

However, 
I t o  n i t rogen  p lus  water.  

\reaction 
I 
I 2 co + so, = 1/2 s, + 2 co, ( 8 )  

A s  t h e  percent  of s to ich iometr ic  a i r  is lowered f u r t h e r  from 90 t o  77$, the CO content  i of t h e  gas  f u r t h e r  increases  and a s u b s t a n t i a l  amount of hydrogen appears .  There is  a l s o  
~ a very marked decrease i n  t h e  burnout of inorganic  s u l f u r ,  but only a moderate decrease 

i n  carbon burnout. 
of CO i n  the gas i s  i n  l a r g e  excess  of t h a t  requi red  f o r  reduct ion  of t h e  SO, t o  elemen- 
t a r y  s u l f u r .  

Thus, i n  th i s  case, s u l f u r  r e j e c t i o n  t o  gas  i s  poor and the amount 

The r e j e c t i o n  of NH, by combustion is a l s o  poorer  a t  l o w  a i r  r a t e s .  

I 

' h e a t i n g  value is still too l o w  f o r  t h e  gas t o  be of value. 

The hea t ing  value of t h e  gas  increases  w i t h  decreasing amounts of s to ich iometr ic  a i r  
due to  the increas ing  m o u n t s  of CO and 8, produced, bu t  at 77$ of s to ich iometr ic  t h e  

The above d a t a  show t h a t  t h e  impur i t ies  are s e l e c t i v e l y  oxidized from t h e  m e l t  in 
preference  t o  z i n c  ch lor ide .  

I Zinc c h l o r i d e  is e s s e n t i a l l y  inert t o  d i r e c t  ox ida t ion  according t o  the  r e a c t i o n  

I Z ~ C I ,  + 1/2 0, = zno + CI, (9) 

T h i s  is shown by t h e  f a c t  t h a t  no C1, was found i n  the  e f f l u e n t  gas  a t  any condi t ion  
However, s i g n i f i c a n t  q u a n t i t i e s  of HC1 appear i n  t he  e f f l u e n t  gas  a s  the da ta  

of Table I1 show. It is produced by hydro lys is  of ZnC1, vapor w i t h  t h e  steam generated 1 tested. pin t h e  combustion process .  This  is' discussed more f u l l y  b e l o w .  

\ Operabi l i ty  of the f luo-so l ids  combustor w a s  demonstrated over a wide range of 
Ispent m e l t  f eed  rates, i.e., 7.1-347 lb/(  f t 2 - h r ) .  The l a t t e r  value c l o s e l y  approaches 

"commercially a t t r a c t i v e  r a t e s .  Run 5 of Table  I1 i l l u s t r a t e s  r e s u l t s  a t  t h e  high feed  
' rate of 347 l b / ( f t 2 - h r )  under 3 atmospheres pressure .  

t i m e ,  it is seen t h a t  t h e  r e s u l t s  are s i m i l a r  t o  those obtained a t  1 atmosphere i n  the 
'lower capac i ty  opera t ion  of Run 4 .  
atmospheres pressur0  us ing  a l i n e a r  Velocity of 2.67 f p s  at  654 of s t o i c h i o m e t r i c  a i r .  

\The r e s u l t s ,  not presented here, w e r e  q u i t e  s i m i l a r  to those of Run 5 .  
( d u e  t o  agglomeration of the bed s o l i d s  were encountered i n  any of t h e  work. 

Allowing f o r  t h e  lower residence 

The same high feed  r a t e  was demonstrated at 1.2 

No d i f f i c u l t i e s  

I 'I 

,. 
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E f f e c t s  of Var iab les  

F igures  2, 3 and 4 show t h e  e f f e c t  of the va r i ab le s  on t h e  d i s t r i b u t i o n  of carbon 
and s u l f u r  i n  the  product gas,  m e l t ,  and f l u & s o l i d s .  
i n  the f luo-so l ids  has  t o  be taken i n t o  account i s  t h a t  t h e  f luo-so l ids  tend  t o  t r ap  
and r e t a i n  non-volat,ile s o l i d s  (C, ZnS, and ZnO), and t h a t  a s teady-s ta te  condition 
i n  t h e  f luo-so l ids  bed was not reached with r e spec t  to  t h i s  r e t e n t i o n .  The carbon or  
s u l f u r  r e t a ined  i n  t he  bed, a s  obtained by d i f f e rence  on t h e  p l o t s ,  inc ludes  losses. 
However, analyses of t h e  used f luo-so l ids  confirm t h a t  t h e  bulk of t h e  s u l f u r  and carbon 
not appearing i n  e i t h e r  t h e  gas or m e l t  was r e t a ined  i n  t h e  f luo-so l ids  bed. The ten- 
dency of t h e  fluo-.solids bed t o  t r a p  non-vola t i le  s o l i d s  provides  f o r  r e t e n t i o n  and 
b e t t e r  u t i l i z a t i o n  of t h e  combustibles.  In add i t ion ,  t he  bed a c t s  as a thermal flywheel 
f o r  maintaining i g n i t i o n .  

The reason t h a t  t h e  d i s t , r i bu t ion  

! 
Figure 2 shows t h e  e f f e c t  of t h e  percent  of s to i ch iomet r i c  a i r  on t h e  d i s t r i b u t i o n  

of carbon i n  the  products ,  u s ing  the  n a t u r a l  m e l t  f eed  and t h e  similar syn the t i c  m e l t  
f eed .  With t h e  n a t u r a l  m e l t  f e e d  t h e r e  i s  a s t e a d y  decrease of carbon burnout as the  
percent  of s to i ch iomet r i c  a i r  decreases,  but burn-out s t i l l  is q u i t e  good even a t  544 
of s to i ch iomet r i c  a i r .  As t h e  carbon burnout decreases,  t h e  carbon r e t a ined  i n  t h e  b e d ,  
s u b s t a n t i a l l y  inc reases .  Carbon burnout does not decrease  apprec iab ly  wi th  reduction of 
percent  stoichiometric a i r  i n  t h e  case of the  s y n t h e t i c  m e l t  f e ed .  This  may be due t o  / 
a h igher  r e a c t i v i t y  o f  the carbon black but  more l i k e l y  it is due t o  supe r io r  f lu id iza- .  
t i o n  p rope r t i e s  of t h e  s i l i c a  sand used as compared w i t h  the ZnO s i n t e r  used f o r  the , 
n a t u r a l  m e l t  runs. 

F igure  3 shows how, w i t h  a def ic iency  of a i r ,  the  carbon burnout e f f i c i ency  i n c r e a s k  
with increas ing  r e s idence  t i m e .  A t  constant. res idence  t i m e ,  increas ing  t h e  pressure f r c  
1.0 t o  3.1 atmospheres appears  t o  inc rease  somewhat t h e  e f f i c i e n c y  of carbon burnout. 

F igure  4 i l l u s t r a t e s  how s u l f u r  burnout drops ab rup t ly  from almost complete burnout 
a t  90$ or more of s t o i c h i o m e t r i c  a i r  t o  where only s m a l l  amounts of s u l f u r  are gas i f i ed  
a t  a i r  inpu t s  below about 0 4  of s to i ch iomet r i c .  
c a r r i e d  over i n t o  t h e  m e l . t ,  t he  m a j o r i t y  i s  r e t a i n e d  i n  t h e  bed. With t h e  synthe t ic  
m e l t  feed, t h e  s u l f u r  burnout is less complete, whereas carbon burnout w a s  more COmplet: 
P o s s i b l e  reasons f o r  t h i s  were g iven  above. The r e s u l t s  -do i n d i c a t e  t h a t ,  a t  some 
condi t ions ,  i t  is p o s s i b l e  t o  produce a low-sulfur off-gas with as h igh  as 80% of stoich 
ometric a i r .  

Although some of t h e  unburned ZnS is 

Figure  5 shows t h a t  ammonia decanpos i t ion  decreases  q u i t e  r ap id ly  and almost. I 
l i n e a r l y  a s  the  percent  of s t o i c h i u n e t r i c  a i r  is reduced below 100% at 2.4 seconds resi- 
dence time. 
by thermal decanpos i t ion  according t o  t h e  following r eac t ion :  

h o n i a  can be destroyed e i t h e r  by oxida t ion  according t o  r e a c t i o n  (.4) 01 

Z&l2.NH, = ZnC1, + 1/2 N 2  + 3/2 H2 

When opera t ing  w i t h  approximately s to i ch iomet r i c  a i r ,  t h e  oxida t ion  r eac t ion  l i k e l y  Pre. 
dominates, and decomposition i s  q u i t e  complete i n  2.4 seconds res idence  time. 
def ic iency  of a i r ,  thermal decomposition by Reaction (10) probably predominates. SiX’Icel 
thermal decomposition of ammonia i s  r e l a t i v e l y  slow, longer res idence  t i m e s  and/or high/ 
temperatures are requ i r ed  t o  g e t  e f f ic ien t  ammonia decomposition when opera t ing  w i t h  a ’ 
def ic iency  of a i r .  It is important t h a t  t he  ammonia conten t  of t h e  regenerated m e l t  be 
l o w  because ammonia i n h i b i t s  t h e  hydrocracking a c t i v i t y  of t h e  m e l t .  

Resu l t s  With t h e  Hiah-Carbon Feedstock 

With a 

The r e s u l t s  w i th  t h e  low-carbon feeds tocks  ind ica t ed  t h a t ,  by opera t ing  with a 7 
deficiencji of P i i ,  B iuW-suiiur, iow-Btu gas might be produced dur ing  t h e  melt regen- 
e r a t i o n .  
f eed  using a l a rge  de f i c i ency  of a i r ,  i.e., 44 t o  594 of s to i ch iomet r i c .  

Table I11 g i v e s  experimental  examples of r e s u l t s  With t h e  high-carbon melt 
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These r e s u l t s  show t h a t  a low-sulfur f u e l  gas can be obtained by ope ra t ing  with 
56% O r  less of t h e  s to i ch iomet r i c  a i r  a t  1800'F and 6.25 seconds con tac t  t i m e .  
Btu conten t  of t h e  gas goes up a s  t h e  a i r  i put  i s  reduced, a s  expected. 
hea t ing  va lue  achieved i n  t h i s  work was 81 Btu / f t3  a t  44$ of s to i ch iomet r i c  a i r  input .  

The 
The h ighes t  

Two runs ,  6 and 7, a r e  shown i n  Table I11 wherein t h e  residence t i m e  was decreased 
t o  2.4 seconds wi th  approximately t h e  same a i r  input  a s  Run 8. 
i n  s u l f u r  d ioxide  conten t  of t h e  gas  and a decrease  i n  carbon burnout e f f i c i e n c y  Was 
observed. Comparison of runs 6 and 7 show t h a t  i nc rease  of temperature from 1800 t o  
l m ° F  s t rong ly  increases  t h e  ex ten t  of NH, decomposition and a l s o  inc reases  t h e  B t U  
l e v e l  of t h e  gas .  As with  t h e  lower-carbon m e l t ,  HC1 appears i n  t h e  e f f l u e n t  gas i n  
an amount equiva len t  t o  2 t o  3 w t .  $ of t h e  f eed  m e l t .  

E f f e c t s  of t h e  Var iab les  

A s u b s t a n t i a l  i nc rease  

F igures  6 and 7 show t h e  d i s t r i b u t i o n  of carbon and s u l f u r ,  r e spec t ive ly ,  i n  t h e  
,), products as a func t ion  of pe rcen t  s to i ch iomet r i c  air  a t  res idence  times of 6.25 and 2.4 

seconds.  
t h e  low-carbon melts. 
Percent  s to i ch iomet r i c  a i r  a t  t h e  r e s idence  times of 6.25 and 2.4 seconds.  The main 

,po in t  brought ou t  by F igures  6, 7, and 8 is t h a t  a minimum gas  res idence  t i m e  in excess 
of 2.4 seconds i s  requi red  t o  ge t  e f f i c i e n t  carbon burnout a t  1800°F and to  produce a 

' s u b s t a n t i a l l y  su l fu r - f r ee  gas  of r e l a t i v e l y  h igh  hea t ing  value.  
I r equ i r ed  t o  achieve similar r e s u l t s  is  lower a t  a higher temperature as comparison of 

These d i s t r i b u t i o n s  gene ra l ly  fo l low a similar p a t t e r n  t o  t h a t  ob ta ined  wi th  
F igure  8 shows t h e  hea t ing  value of t h e  o f fgas  as a func t ion  of 

The res idence  t i m e  

r e s u l t s  i n  Table I11 with those  i n  F igures  6, 7, and 8 show. 1 
, DISCUSSION 

' HC1 i n  the Product G a s  and Recoverv 

Steam genera ted  in t h e  canbus t ion  process  hydrolyzes ZnCl, vapors t o  produce H C l  
by the r e a c t i o n  

ZnC1, + H,O = ZnO + 2 HC1 (11) 
I 

1 The HC1 formed is l a rge ly  recovered by r e v e r s a l  of t h e  hydro lys is  r e a c t i o n  a t  t h e  lower 
temperature of t h e  ZnC1, condenser. There is s u f f i c i e n t  t o t a l  hydrogen i n  t h e  low-  

, carbon f eed  m e l t ,  f o r  example, t o  p o t e n t i a l l y  hydrolyze 74$ of the. ZnC1, i n  the  feed  
; i f  a l l  of t h e  hydrogen were oxid ized  t o  water. 

w a s  incomplete, and hence, s i g n i f i c a n t  amounts of HC1 appeared i n  the product gas  as 
, shown i n  Tables I1 and 111. The reasons for t h i s  a r e :  
' t a c t  between t h e  ZnO dus t  and HC1 i n  t h e  condenser, and (2 )  ZnO s t a r v a t i o n  i n  the  con- 

Reversal  of the r e a c t i o n  i n  these  s t u d i e s  

(1) Re la t ive ly  i n e f f i c i e n t  con- 

denser .  The ZnO s t a r v a t i o n  was caused by r e t e n t i o n  of some ZnO i n  t h e  f lu-sol ids  bed. 

Separa te  s tud ie s ,  not r epor t ed  here,( ') have shown tha t  wi th  an e f f i c i e n t  scrubber 
'opera ted  a t  650-750'F much b e t t e r  HC1 recovery  can  be obta ined  than w a s  demonstrated i n  

t h i s  work. 
bracke ted  exper imenta l ly  by s tudying  t h e  r e a c t i o n  from t h e  H,O s i d e  a s  w e l l  as t h e  HC1 

The equi l ibr ium cons tan t  f o r  t h e  hydro lys i s  r e a c t i o n  a t  650 and 750'F was 

a s ide .  The values obtained are: 

Th i s  work i n d i c a t e s  t h a t  i f  equ i l ib r ium had been reached a t  650°F i n  the  condenser w i t h  
Ithe gas genera ted  i n  Run 2 of Table  11, HC1 i n  t h e  e f f l u e n t  gas  would be  0 .63  w t  $ or 

'I lower (on mel t ) ,  i n s t ead  of t h e  2.8% a c t u a l l y  observed. 
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Mechanism of Formation of Low-Sulfur Fuel Gas 

The r e s u l t s  above have shown t 'iat by opera t ing  wi th  a r e l a t i v e l y  l a r g e  deficiency 
of a i r ,  a low-sulfur f u e l  gas  is produced providing s u f f i c i e n t  res idence  times a r e  
employed. Large amounts of CO and H, are produced by incomplete combustion and a l s o  by 

i n  t h e  lower p a r t  of t h e  f luo - so l id s  bed ( n e a r  t h e  a i r  i n l e t )  by roas t ing  of ZnS 
(Reaction 6 ) .  
i ng  r eac t ions  tend t o  proceed t o  completion: 

I 
. secondary g a s i f i c a t i o n  of unburned carbon by CO, and H,O. Undoubtedly, SO, is generated 

However, i f  s u f f i c i e n t l y  long vapor res idence  times are used, t h e  follow- I 

I 
I 

i 

The ZnO trapped in t h e  f luo - so l id s  bed thus  a c t s  as a s u l f u r  acceptor,  and i f  equi- 
l i b r ium i n  Reaction (13) i s e s t a b l i s h e d ,  t h e  gas  produced is almost completely f r e e  of 
s u l f u r .  
equ i l ib r ium PSo, = 2.3 x lo-' a t m  and PH,S = 7.3 x lC5 a t m .  

AuDlication of Resul t s  t o  a Commercial Process  

Thus, f o r  example, i f  PH,~ = 5 x 10-' atm and PH, = 5 x 10-' atm, then  a t  

In order t o  conduct t h e  regenera t ion  process  ad iaba t i ca l ly ,  i t  i s  necessary tha t  t h e  

i 

I 

h e a t s  of combustion of t h e  organic ,  NH3, and ZnS impur i t i e s  i n  t h e  spent  m e l t  be su f f i -  
c i e n t l y  g r e a t  to vaporize the m e l t  and achieve t h e  d e s i r e d  bed temperature.  The 
opera t ing  temperature range would gene ra l ly  l i e  wi th in  t h e  l i m i t s  of about 1600-2100°F. 
The maximum temperature i s  d i c t a t e d  by t h e  po in t  at  which d e f l u i d i z a t i o n  occurs due t o  ! 
i n c i p i e n t  s i n t e r i n g  of t h e  f luo - so l id s .  The minimum temperature i s  d i c t a t e d  by the  I 

p o i n t  a t  which adequate r e a c t i o n  k i n e t i c s  p r e v a i l  f o r  carbon combustion and n i t rogen  
and s u l f u r  removal. 
range of 1750-1950°F. 

In gene ra l ,  t h e  p r e f e r r e d  ope ra t ing  temperature i s  probably i n  the  

! 
I Figure  9 gives  t h e  a d i a b a t i c  combustor temperature f o r  s e v e r a l  f e e d  melts a s  a 

f u n c t i o n  of t h e  percent  of s to i ch iomet r i c  a i r  and t h e  m e l t  carbon g a s i f i e d .  The input 
m e l t  and a i r  temperatures were assumed t o  be 8W°F and 440°F, r e spec t ive ly ,  while product 
d i s t r i b u t i o n s  obtained i n  actual  runs  w e r e  used i n  c a l c u l a t i o n  of t h e  hea t  and mater ia l  
ba lances .  Ext rapola t ion  of t h e  resul ts  of F igu re  9 shows tha t  a t  lo$ sto ich iometr ic  
a i r  t h e  feed  m e l t  m u s t  c o n t a i n  between 3.5 t o  4.74 i n  o rde r  t o  remain wi th in  the pre- 
f e r r e d  temperature l i m i t s .  
p rocessed  by lowering the p rehea t  temperatures o r  by making a s l i g h t  reduct ion  i n  the  
amount of air used. 

Somewhat h igher  carbon m e l t s ,  i.e., up to  about 64, can be 

S t i l l  h ighe r  carbon f eeds  r equ i r e  f u r t h e r  l oge r ing  t h e  percent of 
I 

3 H, + SO, G H,B + 2 HzO K,, = (H~S)(H,0)2/(H,)3(S0,) = 6 .3  x lo4 a t  1800'F (121 

H,S + ZnO = ZnS + H,O K,, = (H,O)/(H,S) = 6.8  x 102 a t  lSOO°F 
Ki, = (H20)3/(H2)3(S02) = 4.3 x lo' 3 E, i SO, + ZnC = Z d  + 3 Ha0 

I 

d 

(13) 
I 

The equi l ibr ium Constant K,, was c a l c u l a t e d  from spec t roscopic  da t a  of Gordon.( '1 
value  of K,, was obta tned  from t h e  product of t h e  equi l ibr ium cons tan t s  f o r  Reactions (1) 
and ( 4 ) .  The 
of Kapustinski?') and t h a t  f o r  Reaction ( 4 )  was ca l cu la t ed  from ava i l ab le  thermodynamic 
d a t a  on z i n c  compounds.(') 
qu i r ed  t o  obta in  If,, . 

The 

I 
u i l ib r ium cons tan t  f o r  Reaction (1) was obtained from experimental data 

Ex t rapo la t ion  t o  18OO'F on a p l o t  of l og  K vs 1/T was re- 
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The second opera t ing  regime is  a two-stage process  t h a t  handles a ' r e l a t i v e l y  
high-carbon melt and u s e s  a def ic iency of a i r ,  i .e.,  about 35-60$ of s to ich iometr ic ,  
i n  order  t o  s t a y  within t h e  opera t ing  temperature l i m i t s . ,  
a low-sulfur f u e l  gas is produced i n  the  f i r s t  s tage  and the  s u l f u r  is  l a r g e l y  
t rapped a s  ZnS i n  t h e  f luo-so l ids  bed. This s u l f u r  is r e j e c t e d  by a Separate  com- 
bus t ion  opera t ion  where t h e  t rapped s u l f u r  i s  removed by Reaction (6 ) .  The s u l f u r  is 
l i b e r a t e d  a s  a separa te ,  concentrated SO, stream, from which it i s  r e l a t i v e l y  easy t o  
recover  elementary s u l f u r .  
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TABLE I 

A n a l y s i s  of M e l t s  Used 

Coumosition 

wt $ 
N . 4  
c .  
org.  H 
org. N 
org. S 

zns 
ZnO 

. Z n c l ,  

H Z 0  

"LOW" Carbon 
Natural  Spent M e l t  

1.56 
5.42 
0.25 
0.17 
0.05 

84.27 
4.32 
0.46 
3.50 

"High" Carbon 
Natural  SDent Melt 

1.35 
8.76 
0.44 
0.16 
0.07 

80.55 
3.62 
1.37 
3.68 

Synthe t ic  
M e l t  

1.37 
5.78 

0.13 
0.08 

84.77 
4.59 
0.70 
2.58 

-- 
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TABLE I1 

Resu l t s  With Low-Carbon N a t u r a l  Melt a t  
Higher A i r / M e l t  Ra t ios  

Temperature = l8MPF 

Run No. 

fa of Stoichiometr ic  A i r  
S u p e r f i c i a l  A i r  Veloc i ty ,  f p s  
S u p e r f i c i a l  Residence Time, sec 

Melt Feed Rate, l b / ( h r ) ( f t 2 )  
Pressure, psia 

Resu l t s  
$ M1, Burned t o  N, + H,O 
46 C 
$ ZnS Burned t o  SO, + ZnO 
H C 1  Produced, Wt $ Feed hlelt 

Burned t o  CO + C 0 ,  

D r y  Ex i t  Gas. V o l  $ 
so2 
co. 
0 2  
H 2  

Exi t  Gas - Heating Value 
Gross Btu/f t 

1 

115 
0.41 
2.44 

28.6 

- 

7 c  (I Id ." 

98 
95 

100 
3.3 

1.44 
2 .oo 
2.57 
0.05 

6.6 

2 

108 
0.38 
2.63 
I" .o 
31 .O 

- 

7 ( I  

8 9  
91 
100 
2 .o 

1 .43  
2.62 
2.57 
0.08 

8.7 

3 4 

9 0  77 
0.42 0.42 
2.39 2.38 
I d  .c I.l.4 

34 .O 54.5 

- 

1 c  0 

78 67 
89 86 
9 1  28 

2.8 3 . 5  

1.49 0.52 
3.57 4.77 
0.23 0.05 
0.06 0.55 

11.7 17 .o 

TABLE I11 

Results With Hiah-Carbon Natura l  Spent Melt 

Run No. 

$ of Stoichiometr ic  A i r  
S u p e r f i c i a l  Veloc i ty ,  f p s  
S u p e r f i c i a l  Residence Time, sec 
Temperature , OF 
Pressure ,  p s i a  
Melt Feed Rate, l b / ( h r ) ( f t 2 )  
Fluo-Solids Used 

Resu l t s  
NH, Decomposed 

$ C Burned t o  CO + CO, 
$ Inorganic S Burned t o  SO, 
H C 1  Produced, Wt $ Feed Melt 

D r y  E x i t  Gas. V o l  $ 
CO, 

H 2  

so2 
N2 
0 2  

CO 

HC 1 

Dry Ex i t  Gas Gross Heating Value, 
Btu/f t 

58 59 
0.41 ' , 0.42 
2..44 2.38 
1800 1900 
15.3 1 5 . 2  
37.2 36.9 

4 MU 

c - 6 5 x 1 0 0  hl  4 

28 70 
72 75 
9 . 24 

2 .6 2.9 

13.2 12.7 
5 . 2  6.9 
.1 . x 7.8 

0.3x 0.33 
72.7 69 ..? 
0.0 0.0 
2 . i  2 .9  

35 4 7 

5 

74 
1.05 
0.95 

46 
34 7 

- 

5 50 
87 
29 

2.4 

0.55 
5.76 
0 .OO 
1.84 

24.5 

9 8 - 
56 44 

0.16 0.16 
6.25 6.25 
1800 1800 
15 .O 14.8 
14.1  17.6 

l i t e  9 
-100x150 hl 3 

52 63  
84 78 
0 1.5 

3.2 2 .o 

9.9 9.2 
10.8 13.4 

7.8 11.7 
0 .oo 0.03 
68.5 63.5 
0.0 0.0 
3.0 2 -2 

60 8 1  
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THE HYDROGENATION OF COAL WITH CARBON MONOXIDE AND WATER 

Herbert  R .  Appell and I rv ing  Wender 

P i t t sburgh  Coal Research Center ,  Bureau of Mines, 
U. S .  Department of the I n t e r i o r ,  

4800 Forbes Avenue, Pi t tsburgh,  Pa. 15213 

In 1921 Fischer' reported the use of carbon monoxide and water i n  coal  dehydro- 
genat ion.  The y i e l d s  of e ther -so luble  material recovered (13 t o  35%) were 
a c t u a l l y  higher than those  obtained wi th  hydrogen a t  the same temperatures and 
pressures .  Other i n v e s t i g a t o r s  following t h i s  lead confirmed the  resul ts  w i t h  
~ o a l , ~ - ~  but d id  not  succeed i n  hydrogenating asphal t  with carbon monoxide and 

Although the  e a r l y  r e s u l t s  looked promising, the r e l a t i v e l y  low con- 
vers ions ,  the emphasis on a one s t e p  process f o r  converting c o a l  t o  gasol ine,  
and the  impact of the Fischer-Tropsch r e a c t i o n  caused the carbon monoxide plus 
v a t e r  approach t o  c o a l  hydrogenation t o  be ignored a f t e r  1925. This method of 
hydrogenation has been c l a s s i f i e d  under hydrogenation with nascent  hydrogen' 
because of the be l ie f  t h a t  a c t i v a t e d  hydrogen was being formed by the water-gas 
s h i f t  reac t ion .  

The hydrogenation of c o a l  with carbon monoxide and water was re inves t iga ted  with 
t h e  objec t ive  of preparing an o i l  which could then be converted t o  more v o l a t i l e  
f u e l s  by known hydrocracking techniques. Bituminous coal  (Bruceton, hvab), a 
North Dakota l i g n i t e ,  and a Texas l i g n i t e ,  a l l  -100 mesh, were used i n  t h i s  work. 
The bituminous c o a l  and t h e  North Dakota l i g n i t e  were b a l l  mil led and s tored  
under ni t rogen.  The Texas l i g n i t e  powder had been s tored  i n  loosely capped 
cans for two years  p r i o r  t o  use .  The hydrogenations were conducted i n  a 500 m l  
s t a i n l e s s  steel rocking au toc lave .  The ex ten t  of reac t ion  was determined by 
e x t r a c t i n g  the product wi th  benzene and weighing the dry residue.  
conversion is  100 less t h e  percent  of benzene-insoluble residile (maf b a s i s ) .  

An equal weight of phenanthrene was used a s  a solvent  i n  the runs with bitumi- 
nous c o a l .  
of  1:l a-naphthol-phenanthrene as so lvent .  For purposes of comparison, several  
run8 were made without a so lvent .  

The percent 

Most o f  the  work with l i g n i t e  was conducted with an equal  weight 

RESULTS 

The e f f e c t s  of temperature, pressure and time on the  conversion of coal  to benzene- 
so luble  and v o l a t i l e  m a t e r i a l s  using carbon monoxide and water a r e  shown i n  f igures  
1 t o  4. The conversion increases  with temperature, in  the range inves t iga ted ,  f o r  
bituminous coal  ( f igure  1). Conversions of bituminous coal  a r e  increased consider- 
ably by the phenanthrene so lvent .  About 10% of the  solvent  i s  hydrogenated, mainly 
t o  dihydrcphenaxthrene . 

In the  case  of l i g n i t e  ( f i g u r e  2 ) ,  the anount of conversion Zoes through a maximum 
between 375' and 400'C. 
r e s u l t  o f  conversion of some of the so luble  product t o  insoluble  high molecular 
weight mater ia l .  
is smaller  than t h a t  observed with bi tuainous coa l .  
o f  the  phenanthrene, some of the a-naphthol i s  converted t o  naphthalene and t e t r a -  
hydronaphthalene during t h e  r e a c t i o n .  

The conversions of bituminous coal  and l i g n i t e  increase sharply with pressure UP 
t o  about 1,000 ps ig  i n i t i a l  pressure ( f i g u r e  3). Above 14000 p s i c  the increases 
in  conversion with increases  i n  pressure a r e  smal le r .  

The decrease i n  y i e l d  above 400'C i s  believed to be a 

Conversions of l i q n i t e  a r e  improved by a so lvent  but the e f f e c t  
In addi t ion  t o  hydrogenation 
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A s t r i k i n g  fea ture  of the s o l u b i l i z a t i o n  of l i g n i t e  w i t h  carbon monoxide and water 
is the r ap id i ty  of the r eac t ion  ( f igu re  4 ) ;  conversion t o  benzene-solubles a t  the 
optimum conditions seems t o  be e s s e n t i a l l y  complete i n  about 10 minutes. After 
the i n i t i a l  rapid r eac t ion ,  the small amount of remaining s o l u b i l i z a t i o n  may be 
masked by carbonization of some of the  so luble  product. Mass spectrometric 
ana lys i s  of the benzene so luble  product taken a t  d i f f e r e n t  times i n d i c a t e s  t h a t  
the rapid so lub i l i za t ion  r eac t ion  is accompanied by a slow cracking r eac t ion  
which leads to an increase  i n  the  lower molecular weight components of the 
product. 

The reac t ion  of l i g n i t e  with hydrogen i s  slower. Af te r  10 minutes of reac t ion ,  
the so lub i l i za t ion  is l e s s  than ha l f  t h a t  obtained with carbon monoxide and water. 
A t  longer residence times the  ex ten t  of s o l u b i l i z a t i o n  approaches, but does not 
reach, the value obtained with carbon monoxide and water. 

The u l t imate  ana lys i s  and physical appearance of the  benzene-soluble o i l  is very 
similar with e i t h e r  method of hydrogenation. 
go the water-gas s h i f t  r eac t ion  so t h a t  hydrogen is present  during the  r eac t ion .  
A t  the completion of the l i g n i t e  runs us ing  carbon monoxide and water ,  the cm- 
pos i t ion  of the gas is usual ly  wi th in  the  l i m i t s :  COP 25-45%; C h ,  35-5CR; &, 
15-25%; Cb, 0.6-1.5%; and t r a c e s  of h igher  pa ra f f in s  and o l e f i n s .  

The increase  i n  hydrogen and the reduction in s u l f u r  and oxygen contents  during 
s o l u b i l i z a t i o n  is s h o w  i n  t a b l e  1. There is l i t t l e ,  i f  any, reduct ion  in the 
n i t rogen .  This run was conducted with more water and a h igher  carbon monoxide 
pressure than u s u a l  in order  t o  ob ta in  a high conversion without a so lvent .  
The brown-black product was a pourable o i l .  
the s u l f u r  content of the benzene-soluble product averaged near 0.2%. 

The carbon monoxide and water under- 

In t e s t i n g  a number of l i g n i t e s ,  

TABLE 1. Analysis of l i g n i t e  and products 

i n i t i a l  GO pressure ,  2 h r .  38OoC) 
(1:l Lignite-water,  2,000 ps ig  

Benzene -solub l e  
Lignite '  tara Residue 

C 64.6 84.8 51.4 
A 4.8 7.9 3.1 
N 1.0 1.0 0.9 
S 0.7 0.2 1.1 
Ash 7.2 0.5 36.2 
0 21.7 5.6 8.2 
H/C mole ratio 0.89 1.1 0.7 

' Burke County, North Dakota, -100 mesh, a n a l y s i s  
water-free b a s i s .  
Obtained i n  87% conversion, maf bas i s .  

Aged l i g n i t e s  were l e s e  r e a c t i v e  than f r e s h l y  ba l l -mi l led  l i g n i t e  ( t a b l e  2). An 
i r r e v e r s i b l e  change occurs in the  l i g n i t e  on aging in air. The l a r g e  decrease 
in  r e a c t i v i t y  obtained by hea t ing  powdered l i g n i t e  a t  105OC and the  minor decrease 
obtained on drying under vacuum suggest t h a t  the  deac t iva t ion  i s  l a rge ly  a r e s u l t  
of ox ida t ion  of the  l i g n i t e .  A small increase  in  the conversion of a deac t iva ted  
l i g n i t e  can be obtained by increas ing  the  amount of water used i n  the  r eac t ion .  
This procedure is genera l ly  app l i cab le  when a modest i nc rease  i n  the  conversion 
of a low r e a c t i v i t y  coa l  is des i r ed .  



222. 

U B L E  2. Solubilization of aged lignites 
(10 minutes 8t 380°C. 1,SOO psig 
CO pressure) 

water content,' Conversion, 
Aging conditions percent percent 

Fresh' 19 89 
4 *eke in air' 13 77 
lOS'C, 24 hr. ,' in air < 1 54 

2 years in storage' 6 77 
2 years in storage's' 6 83 

lOO'C, 0.5 hr., vacuum' -2 1 86 

North Dakota lignite. 

1:l - vater:lignite used in place of the standard 
0.3:l - vater:lignite ratio. a mxaa lignite. 

' Determined in a stream of N. at 110°C. for 1 hour. ) 
\ 
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Figure 1.-Effect of temperoture on bituminous cool conversion (2 hrs, 2.000 psi9  
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Figure 2.- Effect of temperature on lignite conversion (1:1:05 = cool : solvent: water) 
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